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Summary 
 
The zebrafish mutant, ugly duckling (udutu24) was isolated from the 1996 Tübingen N-
ethyl-N-nitrosourea (ENU) screen as a mutant affecting morphogenesis during 
gastrulation and tail formation (Hammerschmidt et al., 1996), while udusq1 mutant was 
isolated in a genetic screen aiming at mutants with defects in hematopoiesis (Liu et al., 
2007). Udu has been shown to play an essential role during blood cell development; 
however, its roles in other cellular processes remain largely unexplored. Both udutu24 and 
udusq1 embryos share similar phenotypes and the earliest observable developmental 
defects in udutu24 and udusq1 mutants are the somite phenotypes. In this study, I have used 
udutu24 mutants to carry out studies to further characterize their somite phenotype. The 
expression pattern of somite morphological markers indicated that the anterior-posterior 
somite identity of udutu24 embryos were affected, while the segmentation clock regulating 
zebrafish somitogenesis was functioning in udutu24 mutants. Overall, my results showed 
that udutu24 mutants have defects in somite boundaries, muscle pioneers and midline 
structures.  
 
Zebrafish embryos with mutations for Notch components have deficits of floorplate and 
hypochord cells, thus indicating Notch signaling is an important regulator of midline cell 
fate specification (Appel et al., 1999; Latimer et al., 2002; Jülich et al., 2005; Latimer and 
Appel, 2006; Zhang et al., 2007). Whole mount in situ hybridization (WISH) of col2a1 
and her4 have provided clues to suggest that the Notch signaling pathway may be 
impaired in udutu24 mutants. Hence, further experiments were carried out to investigate 
the relationship of Udu, p53 and Notch. Results indicated that elevated level of p53 in 
  ix 
udutu24 mutants could regulate Notch activity negatively and experimental results from 
mib and udu double mutants showed that differential level of Notch can function to 
rescue the cell death phenotype that is mediated via the p53-dependent pathway in udu 
embryos. Finally, current data suggested that Udu may function to activate Notch only in 
the absence of p53, possibly due to the interference of Notch activation by p53.  
 
The main aim of this study is to find out the causes for the up-regulation of p53. Terminal 
deoxynucleotidyl transferase-mediated X-dUTP nick end labeling (TUNEL) assay 
showed that increased activation of cellular p53-apoptotic pathway correlated with 
regions of developmental abnormalities. Experimental results showed that udutu24 
mutants’ extensive p53-dependent apoptosis requires activation of the ATM-Chk2 
pathway. The DNA damage response pathway is a cellular surveillance system that 
senses the presence of damaged DNA and elicits an appropriate response to the damage. 
The fluorescence-activated cell sorting (FACS) analysis showed that the loss of udu 
function resulted in defective cell cycle progression and comet assay indicated the 
presence of increased DNA damage in udutu24 mutants. Positional cloning revealed that 
Udu protein encodes a novel nuclear factor consisting of two PAH-L (Paired 
Amphipathic α-Helix like) repeats and a putative SANT-L (SW13, ADA2, N-Cor and 
TFIIIB like) domain and yeast-two hybrid (Y2H) screen has identified Mcm3 and Mcm4 
as interacting partners of these domains. Co-immunoprecipitation data indicated that 
PAH-L repeats and SANT-L domain of Udu interacted with Mcm3 and Mcm4. The 
reduction of BrdU-incorporated cells in udutu24 mutants showed that progression through 
the S phase is disrupted. The pericentromeric heterochromatin is known to serve 
  x 
functions from gene regulation to protecting chromosomes integrity. Immunofluoresence 
staining of transfected COS7 cells demonstrates a dynamic association between PAH-L, 
SANT-L domains of Udu and the replicating pericentromeric heterochromatin. Hence, 
this study has provided new insights in the genetic linkage between PAH-L and SANT-L 
domains of Udu protein and Mcm proteins during DNA replication, as well as 
demonstrating that the loss of Udu function, particularly the PAH-L and SANT-L 
domains can contribute to DNA damage. Taken together, these experimental results have 
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1.1 Identification of udu gene 
udutu24 mutant was isolated from the 1996 Tübingen ENU screen and it has been shown 
to exhibit a short body axis, with predominant cell death phenotype and contain fewer 
blood cells (Hammerschmidt et al., 1996). Another udu allele, udusq1 was isolated from a 
genetic screen that aims to isolate mutants with hematopoiesis defects. Complementation 
analysis has confirmed that udusq1 mutant was a new allele of udutu24 mutants (Liu et al., 
2007). Positional cloning showed that Udu protein encodes a novel nuclear factor of 2055 
amino acids consisting of several domains as illustrated in Figure 1.1. These domains 
include three conserved regions (CR 1, 2 and 3) that do not share similarity with any 
known domains. Other domains of Udu protein include two PAH-L repeats and SANT-L 
domains, which have been shown to be essential for primitive erythroid cell development 
(Liu et al., 2007). Both udutu24 and udusq1 mutants exhibited similar phenotypes and 
sequencing analysis showed that mutations in udutu24 and udusq1 mutants were at exon 12 
(T1461 to A) and exon 21 (T2976 to A) respectively, resulting in a premature stop codon. 
Functional studies carried out by Liu and co-workers showed that the loss of function 
mutation in the udu gene indeed causes udusq1 mutant phenotype (Liu et al., 2007).  
 
1.2 Udu and primitive erythropoiesis 
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Previously, cell cycle, cytological, and transplantation analyses have shown that the 
primitive erythroid cells in udusq1 mutant were impaired in proliferation and 
differentiation in a cell autonomous manner (Liu et al., 2007). Blood cell development 
occurs in two successive waves: primitive and definitive hematopoiesis. The primitive 
hematopoiesis consists of nucleated erythroblasts that differentiate within the blood 
vessels of the extraembryonic yolk sac and subsequently from the ventral wall of the 
dorsal aorta in the aortagonads-mesonephros region during the definitive hematopoiesis 
(Hsia and Zon, 2005). Studies have indicated that udu gene is dispensable for the 
initiation of primitive erythropoiesis and the up-regulation of p53 activity may contribute 
to the erythroid defect in udusq1 embryos. Liu and co-workers have provided a first 
demonstration of udu function during zebrafish’s primitive erythropoiesis development. 
Although Udu has been shown to play an essential role during blood cell development, its 
roles in other cellular processes remain largely unexplored; particularly what causes the 
up-regulation of p53 activity. Hence, the aim of this study is to investigate what causes 
the up-regulation of p53 and to further characterize other developmental defects that are 
associated with the loss of udu function in the mutants. 
 
1.3 p53, a tumor suppressor 
p53 is a tumor suppressor which plays a crucial role in maintaining genome stability and 
for the elimination of abnormal or potentially cancer predisposing cells by stopping cell 
cycle progression or promoting apoptosis (Lane, 1992; Ljungman, 2000; Jin and Levine, 
2001). p53 is normally maintained at a low level in unstressed cells by ubiquitylation. 
Several ubiquitin ligases have been identified that control the stability of p53, including 
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Murine double minute 2 (Mdm2), ARF-BP1 (also known as Mule, UREB1, E3 (histone), 
LASU1 and HECTH9), p53-inducing protein with a Ring-H2 domain (Pirh2), 
constitutively photomorphogenic 1 (COP-1) and co-chaperone carboxyl terminus of 
Hsp70-interacting protein (CHIP) (Momand et al., 1992; Momand et al., 2000; Leng et al., 
2003; Dornan et al., 2004; Esser et al., 2005; Gallagher et al., 2006; Brooks and Gu, 2006; 
Tripathi et al., 2007). The best characterized p53-specific E3 ubiquitin ligase is Mdm2, 
which degrades p53 via the 26S proteasome pathway (Momand et al., 1992; Momand et 
al., 2000). In response to stress signals, p53 is activated by post-translational 
modifications; p53 ubiquitylation is suppressed, which lead to p53 stabilization and its 
accumulation in the nucleus (Appella and Anderson, 2001; Bode and Dong, 2004). Most 
of the genes targeted by p53 are associated with the regulation of cell cycle arrest, 
apoptosis and/or DNA repair processes, which all function to prevent proliferation of 
damaged cells. The activation of p53 and its cellular response is illustrated in Figure 1.2.  
 
The cell cycle control system is a regulatory network that controls the order and timing of 
cell cycle events through three major regulatory checkpoints. The first regulatory event is 
the G1/S checkpoint, which defines the entry into the cycle in late G1; the G2/M 
checkpoint, where entry into mitosis is controlled; and the metaphase-to-anaphase 
transition, which leads to sister-chromatid segregation, completion of mitosis and cell 
division, also known as cytokinesis. The central components of the cell cycle system are 
cyclins and cyclin-dependent kinases (CDKs). Different cyclin types are produced at 
different cell cycle stages, where they function to bind and activate their specific CDK 
partners, resulting in the formation of a series of cyclin-CDK complexes. Progression 
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through the G1 phase of the cell cycle depends on cyclin D-CDK4/6 and cyclin E-CDK2 
(Sherr, 1994). Cell cycle arrest in response to either mitogen deprivation or genotoxic 
stress requires CDK inhibitors (CKIs), which includes p21cip1, p27kip1 and p57kip2 
(Morgan, 1995). It has been shown that increased protein level of cyclin D-CDK4/6 
functions to sequester p21cip1 and p27kip1 from the cyclin E-CDK2 complex, thus 
allowing G1 to S phase progression (Bouchard et al., 1999; Perez-Roger et al., 1999). A 
major player in the p53-mediated G1 arrest is p21cip1 that inhibits cyclin E-CDK2, thus an 
accumulation of p21cip1 prevents G1-S transition, preventing aberrant replication of 
damaged DNA (Waldman et al., 1995). p53 also plays a critical role in G2 arrest that 
allows cells to avoid segregation of defective chromosomes (Bunz et a., 1998) through 
the regulation of many target genes during G2/M arrest. For example, Growth-arrest and 
DNA damage-inducible (GADD45) proteins can associate with p21, which inhibit G1 to 
S phase transition and also promote dissociation of the Cdc2 (Cell division 
control)/cyclin B1 complex, inducing a G2/M arrest (Fornace, 1992; Vairapandi et al., 
1996; Wang et al., 1999; Mak and Kultz, 2004). Cdc2 is a major target of the checkpoint 
pathway activated in response to DNA damage or inhibition of replication. Cdc2-cyclin B 
heterodimers act to trigger all events require to progress into the M phase (Nurse, 1990). 
Thereby, the activation of p53 leads to the induction of downstream events that prevents 
proliferation of genetically abnormal cells and thus cancer formation. 
 
1.4 p53 isoforms 
p53 is a sequence-specific transcriptional regulator that is widely conserved in metazoans. 
To date, various p53 isoforms have been identified in humans. The human p53 gene 
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contains an alternative promoter and transcribes three mRNA splice variants, encoding 
full length p53, p53i9 (Flaman et al. 1996) and ∆40p53 (Courtois et al. 2002; Yin et al. 
2002; Ghosh et al. 2004). p53i9 is encoded by alternative splicing of the intron 9, while 
∆40p53 (also named p47 or ∆Np53) is an N-terminally truncated p53 isoform deleted of 
the first 40 amino acids. ∆40p53 protein can be generated either by an alternative splicing 
of intron 2 or by alternative initiation of translation. The presence of an alternative 
promoter in intron 4 of p53 leads to the expression of an amino-terminally truncated p53 
protein initiated at codon 133 (∆133p53) (Murray-Zmijewski et al., 2006). Recent studies 
have conferred a role for p53 isoform during organogenesis. A loss of function mutation 
in digestive-organ expansion factor (def) gene in zebrafish results in hypoplastic digestive 
organs and selectively upregulates the expression of ∆113p53 (homologue of human 
∆133p53). The increased expression of ∆113p53 selectively induces the expression of 
p53 target genes involved in cell cycle arrest and lead to compromised organ growth in 
def mutant. Thus providing genetic evidence to show that p53 is necessary for 
organogenesis during embryogenesis (Chen et al., 2005). Further studies have 
demonstrated the biological roles of p53 and its isoforms during an organism 
development. Mice that are functionally deficient for all p53 isoforms develop normally 
but are prone to the spontaneous development of a wide variety of neoplasms by 6 
months of age (Donehower et al., 1992). A significant proportion of p53-/- female mice 
displayed defects in neural tube closure, leading to exencephaly, which is characterized 
by an over-growth of neural tissue in the mid-brain region (Armstrong et al., 1995; Sah et 
al., 1995). The enhanced susceptibility to cancer of p53-/- mice results in their death 
before 10 months of age. p53 deficient mice are also extremely susceptible to 
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tumorigenesis induced by ionizing radiation or carcinogens (Harvey et al., 1993; Kemp et 
al., 1994).  
 
Two zebrafish mutants were isolated: tp53M214K, with a missense mutation in the DNA 
binding domain and tp53N168K, with a missense mutation that affects protein structure in a 
heat sensitive manner. Homozygotes for both lines were developmentally normal but 
showed suppressed apoptosis upon irradiation. About 28% of tp53M214K mutant fish 
developed malignant peripheral nerve sheath tumors at approximate 8.5 months of age 
(Berghmans et al., 2005). p53 deficient zebrafish embryos, induced by injection of 
antisense morpholinos (MO), were morphologically indistinguishable from control 
embryos whereas Mdm2 knockdown embryos were severely apoptotic and arrested early 
in development. The double knockdowns of Mdm2 and p53, showed that p53 deficiency 
rescued Mdm2-deficient zebrafish embryos completely (Langheinrich et al., 2002), 
similar to observation in mice (Montes de Oca et al., 1995). However, it has been shown 
that the overexpression of p53 caused various developmental defects. For instances, 
ectopic overexpression of Drosophila Dmp53 in the eye caused cell death and led to a 
rough and small eye phenotype (Jin et al. 2000; Ollmann et al. 2000). While, the 
overexpression of Caenorhabditis elegans p53 (cep-1) in the GLD-1 mutant, which 
encodes a translational repressor of CEP-1, led to an increased in p53-mediated germ cell 
apoptosis in response to DNA damage (Schumacher et al. 2005). These results showed 
that transcription of p53 must be tightly regulated during development. The p53 protein is 
maintained at low level by Mdm2, which degrades p53 via the 26S proteasome pathway 
(Momand et al., 1992; Momand et al., 2000).  
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Interactions between p53 family members (p63 and p73) and their isoforms have added 
complexicity to the p53 pathway. There is evidence to suggest that the interaction 
between p53, p73 and p63 can be involved in carcinogenesis. Findings have indicated 
mutant p53 is able to disrupt the function of p73, thereby, increased the tumor 
transformation capacity of mice with Li-Fraumeni syndrome (Strano et al., 2000; Lang et 
al., 2004; Olive et al., 2004). The recently discovered p53-related genes, p63 and p73 
express multiple splice variants (TAp63α, β, γ and TAp73α, β, γ, δ, ε, ζ, η) and N-
terminally truncated forms initiated from an alternative promoter in intron 3 (∆Np63 and 
∆Np73) (Benard et al. 2003; Melino et al. 2003). Genetic experiments on mice have 
shown that p63 is essential for epidermal morphogenesis and limb development. p63 null 
animals do not survive beyond a few days after birth, show craniofacial malformations, 
limb truncations and fail to develop skin and other epithelial tissues (Yang et al., 1998; 
Mills et al., 1999). The ∆Np73 isoforms are highly expressed in the developing mouse 
brain, where these ∆Np73 isoforms are needed to counteract p53-mediated neuronal 
death (Pozniak et al., 2000). The deficiency for all p73 isoforms in mice resulted in 
profound defects, including hippocampal dysgenesis, hydrocephalus, chronic infections 
and inflammation, as well as abnormalities in pheromone sensory pathways (Yang et al., 
2000). Given that p63 and p73 share many of the same properties as p53 in the control of 
cell survival; p53, p63 and p73 mouse knockout studies have revealed an unexpected 
functional diversity among them. p63 and p73 knockouts exhibit severe developmental 
abnormalities but no increased cancer susceptibility. Hence, it is unclear whether p63 and 
p73 are involved in tumorigenesis (Moll and Slade, 2004). 
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1.5 DNA damage pathway and p53 response 
The complex regulatory network that activates p53 after stress, includes key checkpoint 
regulators such as the phosphatidylinositol-3-kinase family members ATM (ataxia 
telangiectasia mutated) and ATR (ATM-Rad3-related protein) as well as the downstream 
checkpoint kinase 1 (Chk1) and checkpoint kinase 2 (Chk2) (Shiloh, 2001; Melo et al., 
2001; Abraham, 2003). ATM is a central signaling protein of the DNA damage response, 
which responds to the presence of DNA double stranded breaks (DSB) (Shiloh, 2003). 
The absence of ATM results in the disease ataxia telangiestasia (AT). Cells derived from 
AT patients exhibit increased chromosome breaks, defects in cell cycle checkpoints, and 
increased cell death when exposed to ionizing radiation (Lavin and Shiloh, 1997). In 
contrast, ATR is activated by stalled replication forks and agents that produce bulky 
adducts. The detection of stalled replication fork by ATR leads to a complex response 
that blocks cell cycle progression, prevents the firing of other replication origins and 
stabilizes the replication fork so that it can resume when the damage has been repaired 
(Guo et al., 2000; Unsal-kacmaz et al., 2002; Nyberg et al., 2002; Bartek et al., 2004). 
Activation of the DNA damage through ATM or ATR leads to phosphorylation on 
serine-20 of p53 by Chk2/Chk1 in human. This phosphorylation event helps to stabilize 
p53 by uncoupling it from the Mdm2 ubiquitin ligase (Chehab et al., 2000; Hirao et al., 
2000), while ATM/ATR-catalyzed phosphorylation on serine-15 participates in the 
activation of p53 in human. Following activation by DNA damage kinases, p53 
accumulates in the nucleus and regulates transcription of target genes involved in the 
DNA damage response also known as the DNA damage checkpoint, which functions to 
block cell-cycle progression, DNA repair and execute apoptosis in the event of extensive 
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DNA damage. The DNA damage checkpoint acts at three stages in the cell cycle, G1/S 
phase boundary, in S phase, and during the G2/M transition phases (Zhou and Elledge, 
2000). Arresting cell cycle progression in G1 functions to halt progression into S phase 
and thus stop aberrant replication of damaged DNA. While G2 arrest prevents cells from 
proceeding to the M phase, thereby avoid segregation of defective chromosomes. These 
DNA damage checkpoints ensure that critical events in a particular phase of the cell cycle 
are completed before a new phase is initiated, thereby preventing the formation of 
genetically abnormal cells. 
 
1.6 Apoptosis-the elimination of tumorigenic cells 
Multicellular eukaryotes have the ability to engage the apoptotic cell death pathway for 
dealing with extensive DNA damage. The apoptotic pathway functions to remove the 
damaged cells and prevents them from contributing to tumorigenesis; if a cell is unable to 
undergo apoptosis, due to mutation or biochemical inhibition, it can continue to divide 
and develop into a tumor. Apoptosis is a form of programmed cell death that is dependent 
upon serial activation of cysteine proteases called caspases (Thornberry and Lazebnik, 
1998). Depending upon the initiating signal, apoptosis can be triggered through either an 
intrinsic or extrinsic apoptotic pathway. The extrinsic apoptotic pathway, also known as 
the death receptor pathway, requires ligand-dependent activation of cell surface receptors 
to initiate an apoptotic response. While, the intrinsic apoptotic pathway induces cell death 
by disrupting mitochondrial function (Jin and El-Deiry, 2005). As mentioned above, 
DNA DSB activates ATM, which in turn phosphorylates p53. The accumulation of p53 
above a particular threshold can activate pro-apoptotic genes to promote apoptosis (Lane, 
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1992). This was first shown in studies of p53 knockout mice that are resistant to the toxic 
effect of ionizing radiation due to the inability of thymocytes to undergo apoptosis (Wang 
et al., 1996). The p53-dependent apoptosis can be either execute through the extrinsic or 
intrinsic pathways. p53 can promote the extrinsic pathway through upregulation of the 
TRAIL receptors, death receptor-4 (DR4) and death receptor-5 (DR5, KILLER), as well 
as the FAS receptor (CD95) and the FAS/APO-1 ligand (Owen-Schaub et al., 1995; Jin 
and El-Deiry, 2005). The intrinsic apoptotic pathway can also be activated by p53 
involving the pro-apoptotic Bcl-2 family members. The translocation of p53 to the 
mitochondria provoke the release of cytochrome c and the up-regulation of the expression 
level of APAF1 and p53AIP1 by p53, which all function to promote cell death through 
the intrinsic pathway (Mihara et al., 2003).  
 
1.7 DNA repair 
In addition to inducing cell-cycle arrest and apoptosis, the activation of the DNA damage 
response to regulate DNA repair represents another mechanism by which p53 helps to 
maintain genomic integrity (Sengupta and Harris, 2005). The detection and repair of 
altered nucleotide structure depends on base excision repair and nucleotide excision 
repair (David and Williams, 1998; Wilson, 1998; de Laat et al., 1999; Batty and Wood, 
2000; Wilson and Kunkel, 2000). DSB of chromosomal DNA is the most destructive 
form of damage and these lesions can be repaired via two principal repair pathways: non-
homologous end joining (NHEJ) and homologous recombination repair (HRR). NHEJ is 
a process whereby double stranded DNA ends can be rejoined even where there is little 
or no base pairing at the site of junction. A conserved set of proteins, designated Ku70, 
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Ku80, DNA ligase IV and XRCC4, a cofactor of DNA ligase IV is required for NHEJ. 
However, this approach of repairing DNA DSB is not ideal, because nucleotides are 
usually lost at the repair site. More accurate repair of DSB can be achieved by HRR 
between the broken chromosome and a homologous sequence in a sister chromatid or 
homologous chromosome, involving the Mre11/Rad50/NBS complex (Elledge, 1996; 
Paques and Haber, 1999; Haber, 2000; Karran, 2000; de Jager et al., 2001; Lee and Lim, 
2006; Teng et al., 2006). DNA DSB triggers ATM-dependent phosphorylation of H2AX 
histone at serine-139, referred to as γ-H2AX (Rogakou et al., 1998). γ-H2AX is a critical 
component of the DNA damage response, as defects in the regulation of H2AX 
phosphorylation lead to DNA damage checkpoint alterations, and γ-H2AX deficient mice 
exhibit genomic instability and enhanced susceptibility to cancer (Bassing et al., 2003; 
Celeste et al., 2003; Foster and Downs, 2005; Keogh et al., 2006). γ-H2AX is needed for 
the recruitment of DNA repair proteins to the site of damage and each γ-H2AX foci has 
been shown to represent an individual DSB (Paull et al., 2000; Rothkamm and Lobrich, 
2003). The maintenance of γ-H2AX foci by the cells help to facilitate the recruitment of 
damage response proteins, upon which γ-H2AX label will be removed from the DNA 
DSB sites when all repair factors are loaded onto the damaged sites (Rapp and Greulich, 
2004). 
 
Recent studies have indicated that yeast γ-H2AX is also required for the recruitment of 
the chromatin remodeling complex INO80 to DSB sites (Downs et al., 2004; Morrison et 
al., 2004; van Attikum et al., 2004). Other studies have also revealed the roles of DNA 
repair for other chromatin remodeling complexes such as SWI/SNF, SWR1 and RSC 
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complexes (Morrison and Shen, 2005; Morrison and Shen, 2006; Wong et al., 2006). The 
association of these chromatin remodeling complexes at the site of DNA damage, 
presumably help to ‘open’ or ‘loosen’ compact nucleosomal structure close to sites of 
damage. 
 
1.8 SANT and chromatin remodeling 
The SANT-L domain found in Udu protein has been previously shown to play an 
essential role in regulating chromatin accessibility (Boyer et al., 2002; Boyer et al., 2004). 
The SANT domain is a novel motif found in a number of eukaryotic transcriptional 
regulatory proteins that shared homology to the DNA binding domain of c-myb (Aasland 
et al., 1996). Secondary structure predictions show the presence of three α-helices in the 
SANT domain, which are found in the Myb-DNA binding domain (Ogata et al., 1994). A 
rescue experiment with truncated udu-∆SANT-L RNA, where three α-helices of the 
SANT-L domain were deleted, failed to restore the blood cell defect in udusq1 mutants. 
The red blood cell development was restored in the mutants injected with the udu-wt 
RNA, thus demonstrating that the SANT-L domain is critical to the function of the Udu 
protein during blood cell development (Liu et al., 2007). Boyer and co-workers showed 
that the SANT domain is crucial for the function of Swi3p, Rsc8p and Ada2p in vivo 
(Boyer et al., 2002). Earlier studies have shown that the SANT domain is found within 
subunits of ATP-dependent chromatin remodeling enzymes (yeast Swi3p, Rsc8p, human 
BAF155/170, Drosophila ISWI), as well as, histone acetyltransferase (HAT) (yeast and 
human Ada2p) and deacetylase (HDAC) (co-REST, Mta-L2 and N-CoR) (Aasland et al., 
1996; Humphrey et al., 2001), thus suggesting an essential role of the SANT domain in 
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the functioning of multiple chromatin remodeling enzymes. Hence, the SANT domain 
represents a central module for chromatin regulation during gene regulation. 
 
1.9 Function of SIN3/PAH domain 
The PAH-L domain of Udu contains four α-helix motifs, which are similar to the PAH 
repeats found in yeast SIN3 (Wang et al., 1990). SIN3 protein has no intrinsic DNA 
binding abilities and it must be targeted to gene promoters by interacting with DNA 
binding proteins, where it can positively and negatively regulate gene involved in diverse 
cellular functions (Silverstein and Ekwall, 2005). In yeast, the SIN3 protein is optimized 
for multiple protein interactions with its four-paired amphipathic helices, which are 
protein-protein interaction modules for an array of DNA-binding transcriptional 
repressors. Examination of regulated promoters in Xenopus oocytes revealed that Sin3 
contributes to gene repression by recruiting histone deacetylase 1 (HDAC1) (Li et al., 
2002). Histone acetylation levels are determined by the relative activities of various 
histone acetyltransferases (HATs) and HDACs that display specificity for particular 
lysine residues within the N-terminal tails of histones. Thus, histone deacetylation may 
repress transcription by strengthening histone tail-DNA interactions and thereby block 
access of transcriptional regulators to the DNA template (Kuo and Allis, 1998). 
Conversely, acetylation of the lysine residues neutralizes their positive charge, which 
interferes with the histone-DNA electrostatic interaction and loosens chromatin structure, 
allowing for a more transcriptionally competent DNA template (Hong et al., 1993). 
HDAC1 is approximately 60% identical to yeast Rpd3 protein, which is a component of a 
histone deacetylase complex (Rundlett et al., 1996). Sin3/Rpd3 is essential for G2 phase 
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cell cycle progression and specifically needed to establish the delay in the initiation of 
late-replicating origins (Pile et al., 2002; Aparicio et al., 2004). Furthermore, the loss of 
Sin3/Rpd3 increased survival in response to DNA damage in checkpoint-deficient strains 
of yeast (Scott and Plon, 2003). Thus, depletion of Sin3/Rpd3 activity may help to 
promote a more accessible chromatin state for the damage signal to be initiated or for the 
damage to be processed. These roles of Sin3/Rpd3 seem to be independent of its function 
in transcription.  
 
Comparison of yeast SIN3 with the mouse homologues SIN3A and SIN3B showed that 
these genes have the highest similarities in their four PAH domains (Ayer et al. 1995; 
Halleck et al. 1995). SIN3 was recently connected to the maintenance of heterochromatin. 
The deletion of mSds3, an essential component of the functional mSin3/HDAC 
corepressor complex, results in early embryonic lethality and impaired somatic cell 
growth and survival, as well as the failure of pericentric histones to be deacetylated, 
thereby preventing the cascade of histone modification events required for the 
establishment of a functional pericentric heterochromatin structure (David et al., 2003). 
Thus, independent from its role in regulating transcription, SIN3 has an important role in 
maintaining genome integrity, with respect to DNA damage repair and the temporal 
organization of replication during S phase.  
 
1.10 Organization of eukaryotic DNA 
In the eukaryotes, DNA in a chromosome is extensively packaged into a condensed 
structure called chromatin. The context of chromatin structure will influence how the 
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processes of transcription, replication and DNA repair systems respond to different types 
of DNA lesions. The repeating unit of chromatin is nucleosome and it is composed of an 
octamer of the four core histones (H3, H4, H2A and H2B) (Luger et al., 1997). 
Nucleosomes are in turn assembled into arrays of increasingly folded structures that form 
the final structure of the chromosome mentioned above. Cells have mechanisms for 
remodeling and interacting with the chromatin to access DNA through two classes of 
chromatin remodeling factors (Eberharter et al., 2005; Chodaparambil et al., 2006). 
Histone-modifying enzymes catalyze post-translational histone modifications such as 
lysine acetylation or methylation, or serine phosphorylation. These modifications alter the 
condensation state of chromatin by recruiting nonhistone, regulatory proteins to the 
chromatin or to ‘loosen’ the structure of the chromatin (Jenuwein and Allis, 2001; 
Agalioti et al., 2002; Hassan et al., 2002; Peterson and Laniel, 2004; Martin and Zhang et 
al., 2005). While, ATP-dependent remodelers use the energy of ATP hydrolysis to disrupt 
DNA-histone contacts and repositioning or sliding nucleosomes along the DNA, resulting 
in the accessibility of the DNA to other proteins (Tsukiyama 2002; Eberharter and 
Becker, 2004;; Johnson et al., 2005). Studies have shown that chromatin remodeling 
complexes are recruited to gene promoters through their association with site-specific 
activators or the RNA polymerase II machinery during the process of transcription 
activation (Prochasson et al., 2003; Hassan et al., 2001; Lemieux and Gaudreau, 2004; 
Govind et al., 2005). At the sites of DNA damage, chromatin structure is altered by both 
classes of chromatin remodeling complexes to expose damaged DNA to repair proteins, 
and once repair has taken place, chromatin is restored to its original state, as proposed by 
the “access-repair-restore” model (Smerdon and Conconi, 1999; Green and Almouzni, 
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2002). Furthermore, recent evidence has also linked the chromatin remodeling complexes 
at various stages of eukaryotic DNA replication (Falbo and Shen, 2006).  
 
As mentioned above, the PAH-L domain of Udu protein contains four α-helix motifs, 
which are similar to the PAH repeats found in yeast SIN3. SIN3 has been demonstrated 
to play an important role in maintaining genome integrity, with respect to DNA damage 
repair, regulation of replication and the maintenance of heterochromatin (Pile et al., 2002; 
Scott and Plon, 2003; Aparicio et al., 2004; David et al., 2007). Thus the PAH domain of 
Udu may be involved in these processes in maintaining genome intergrity, while the 
SANT-L domain of Udu protein could function as a chromatin-remodeling molecule 
during gene regulation. Therefore, the genetic and the epigenetic information have to pass 
onto the next generation in high fidelity. Two types of chromatin environments exist in 
the genome: euchromatin and heterochromatin. The euchromatin contains DNA that is 
accessible to regulatory factors (Shaffer et al., 1993; Karpen et al., 1988), while the 
heterochromatin is inaccessible to gene regulatory proteins that regulate gene expression 
(Wallrath, 1998; Taddei et al., 2001; Bernard and Allshire, 2002). Large blocks of 
heterochromatin surround functional chromosome structures such as telomeres and 
centromeres. Telomeres are the essential structures at the ends of eukaryotic 
chromosomes that are composed of G-rich DNA and associated proteins. These structures 
are crucial for the integrity of the genome, by protecting chromosome ends from 
degradation and distinguish natural ends from chromosomal breaks (Longhese, 2008). 
And the centromere provides the essential foundation for the distribution of duplicated 
chromosomes to daughter nuclei at mitosis (Cleveland et al., 2003). A failure of the 
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cytokinesis process produces a cell that has double the normal complement of 
chromosomes and also twice the number of centrosomes, which are often found in cancer 
cells (Meraldi and Nigg, 2002; Pihan et al., 2003). Hence, the heterochromatin serves a 
role in gene regulation and protecting the integrity of chromosomes (Wallrath, 1998; 
Taddei et al., 2001). Heterchromatin protein 1 (HP1) is specifically enriched in 
pericentric heterchromatin (Guenatri et al., 2004; Maison and Almouzni, 2004). Previous 
studies have shown that an ACF1–ISWI chromatin-remodeling complex is required for 
replication through heterochromatin in mammalian cells. ATP-utilizing chromatin 
assembly and remodeling factor 1 (ACF1) and an ISWI isoform, sucrose nonfermenting-
2 homolog (SNF2H) are specifically enriched in replicating pericentromeric 
heterochromatin. RNAi-mediated depletion of ACF1 specifically impairs the replication 
of pericentromeric heterochromatin during the late S phase. In addition, in vivo depletion 
of SNF2H also slows the progression of DNA replication throughout S phase, indicating 
a functional overlap with ACF1 (Collins et al., 2002). The dynamics of chromatin 
structure will influence the processes of transcription, replication and DNA repair, and 
therefore, the existence of the chromatin remodeling complexes is important for 
regulating these processes in vertebrates. 
 
1.11 DNA replication 
Replication of DNA occurs at specialized sites known as the replication origins, during 
the S phase of the cell cycle. Before DNA replication can start, the DNA helix must be 
unwound by minichromosome maintenance (Mcm) proteins that act as DNA helicase to 
allow the accessibilty of numerous accessory proteins, which are involved in DNA 
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replication. DNA polymerases copy the template DNA strands into new complementary 
DNA strands, through the help of an accessory protein known as the sliding clamp, 
alternatively called proliferating cell nuclear antigen (PCNA) in eukaryotes. While 
primase initiates Okazaki fragment primers in the lagging strand, topoisomerase helps to 
introduce negative supercoils to compensate for the strain that results from positive 
supercoiling at the replication fork and DNA ligase catalyzes the joining together of 
Okazaki fragments (Alberts et al., 2002; Bell and Dutta, 2002). Hence, DNA replication 
involves dynamic changes to chromatin structure. And to ensure that the genetic and the 
epigenetic information are passed onto the next generation in high fidelity, the cell cycle 
control system activates replication origins only once in each S phase. The duplication of 
chromosomal DNA begins with the formation of a pre-replicative complex (pre-RC) at 
the origin of replication in late mitosis and early G1 phase of the cell cyle, followed by 
the transformation of pre-RC into an active pre-initiation complex during the early S 
phase that are ready to start the synthesis of new daughter strands (Diffley et al., 1994; 
Mendez and Stillman, 2003). 
 
Assembly of the pre-RC begins when Cdc6 and Cdt1 associate with the origin 
recognition complex, followed by the loading of the Mcm complex. As mentioned above, 
the Mcm complex acts as the DNA helicase that unwinds the DNA helix at the 
replication origin, which is ATP-dependent (Bell and Stillman, 1992; Diffley et al., 1994; 
Aparicio et al., 1997; Labib et al., 2000; Shechter et al., 2004; Bowers et al., 2004). 
Mcm2-7 proteins are conserved in eukaryotes and have an essential role in initiation and 
elongation during DNA replication (Tye, 1999; Labib et al., 2000; Pacek and Walter, 
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2004; Shechter, 2004; Forsburg, 2004). Mcm4, 6 and 7 have been shown experimentally 
to unwind DNA helices in vitro, whereas the heterohexameric Mcm2-7 does not. Thereby, 
suggesting that Mcm4, 6 and 7 may function as the catalytic core and the replicative 
helicase during DNA replication (Fujita et al., 1997; Kubota et al., 1997; Labib et al., 
2000). Association of the Mcm complex with the chromatin is cell cycle regulated, 
whereby Mcm2-7 bind to chromatin only during the G1/S phase and are dissociated from 
the chromatin as replication proceeds (Kearsey and Labib, 1998). The loss of Mcm 
function has been implicated in DNA damage and genome instability (Bailis and 
Forsburg, 2004).  
 
When all replication origins have been activated, the replication forks together with the 
DNA elongation machinery move along the DNA to complete the replication process. 
The cell cycle control system must ensure that replication is completed before 
chromosome segregation can occur. In the event that replication fails during S phase, the 
DNA damage response pathway will be triggered off as described above. The formation 
of stalled replication fork during S phase initiates a complex of damage response. First, it 
blocks additional origin firing, thereby preventing the initiation of further DNA synthesis 
until the damage has been repaired. Second, progression through mitosis is blocked, 
ensuring that damaged chromosomes are not segregated. Third, the structure of the stalled 
replication forks is maintained to prohibit additional damage to the DNA, thereby 
allowing the resumption of DNA synthesis when damage has been repaired (Nyberg et al., 
2002; Bartek et al., 2004). Thus the DNA damage response helps to maintain the integrity 
of the genome by activating a variety of effector proteins which are involved in DNA 
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repair, blocking cell cycle progression or elimination of cells with extensive damage by 
apoptosis. MCMs proteins have been shown to be direct targets of the ATM/ATR kinases 
(Ishimi et al., 2003; Cortez et al., 2004; Yoo et al., 2004; Shi et al., 2007), thereby 
suggesting that the MCMs may be a target or an effector of the replication checkpoint. It 
has been shown that the phosphorylation of MCM4 in the checkpoint control inhibits 
DNA replication, which includes blockage of DNA fork progression, through the 
inactivation of the MCM complex (Ishimi et al., 2003). The functional uncoupling of 
MCM helicase and DNA polymerase activates the ATR-dependent checkpoint in 
Xenopus (Byun et al., 2005). Hence, the DNA sequence fidelity, together with associated 
chromatin structure must be accurately replicated to maintain genetic and epigenetic 
information through cell generations.  
 
1.12 Udu counterparts in human and mouse 
Blast searches in database revealed that the Udu protein had the highest homology to the 
human and mouse GON4L in both protein sequence and gene structure (Kuryshev et al., 
2006; Liu et al., 2007). Human GON4L is located in a large tandem segmental 
duplication on human chromosome 1q22 (SD1q22). The GON4L gene is about 107kb 
and consists of 32 exons. Expression of human GON4L is controlled by an alternative 
termination of transcription in intron 21, resulting in the production of two isoforms; 
GON4La and GON4Lb. Caenorhabditis elegans gon-4, from which the name of the 
human ortholog was derived, was identified as cell lineage regulator of gonadogenesis in 
Caenorhabditis elegans. It was also concluded that gon-4 may control expression of 
genes that drive the cell cycle (Friedman et al., 2000). Further evidence for the 
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involvement of GON4L in cell cycle control comes from study of the Drosophila GON4L 
ortholog, Cdp1, where an interaction between Cdp1 and cyclin D was demonstrated in a 
Y2H screen (Zhong et al., 2003). Hence, these data suggest that the function of GON4L is 
likely linked to cell cycle control. 
 
Preliminary analysis of SD1q22 suggests that it may contain new genetic information 
associated with recent evolutionary events and this genomic locus was found to be 
amplified in cells of several cancer types (Marchio et al., 1997; Cheng et al., 2004; 
Knuutila, 2004; Mandahl et al., 2004; Kuryshev et al., 2006). Chromosome 1 is the 
largest of the human chromosomes, containing approximately 8% of all human genetic 
information. Over 350 human diseases are associated with disruptions in the sequence of 
this chromosome, including cancers, neurological and developmental disorders (Gregory 
et al., 2006). Comparative genomic hybridization shows a high incidence of chromosome 
1q association with the development of hepatocellular carcinoma, a common and highly 
malignant tumor (Marchio et al., 1997; Wong et al., 1999). Other studies have also shown 
that chromosome 1q is frequently increased in copy number in ovarian and breast cancers 
(Patael-karasik et al., 2000; Kiechle et al., 2001; Zudaire et al., 2002). Comparative 
genomic hybridization further defines region with increased copy number to 1q22 in 54% 
of ovarian cancers (Cheng et al., 2004), suggesting that dosage imbalance of one or more 
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1.13 Notch signaling and its core components 
The Notch signaling pathway was originally identified through genetic studies in the 
mutants of fruit fly, Drosophila melanogaster, some of which were characterized with 
‘notches’ in their wings. Notch orthologues have since been identified from nematodes to 
mammals. The central signaling components of the Notch pathway are the receptor Notch, 
the ligand DSL (Delta and Serrate/Jagged families) and the nuclear effector CSL 
(CBF1/RBPjκ in mammals, Suppressor of Hairless (Su(H)) in Drosophila, Lag-1 in 
Caenorhabditis elegans). The Notch receptors are synthesized as single precursor 
proteins and undergo the site 1 (S1) cleavage by a furin-convertase during its transport to 
the cell surface (Logeat et al., 1998). Vertebrates have multiple Notch homologs (Notch-
1, Notch-2, Notch-3, Notch-4), encoding transmembrane receptors containing an 
extracellular domain (ECD) and an intracellular domain (NICD). Notch signaling occurs 
when the ligand DSL on one cell interacts with the receptor Notch on a neighboring cell 
(Mumm and Kopan, 2000; Kopan, 2002; Bray, 2006). This interaction induces two 
proteolytic cleavages of Notch: the first cleavage (S2) results from the action of 
metalloprotease tumor necrosis factor-α converting enzyme and the second cleavage (S3) 
is mediated by the γ-secretase complex comprising of Presenilin 1/2, Nicastrin, Presenilin 
enhancer 2 (Pen-2) and Anterior pharynx-defective 1 (Aph-1) (Fortini, 2002; Edbauer et 
al., 2003; Selkoe and Kopan, 2003). This proteolytic cleavage releases the NICD into the 
cytoplasm, which is subsequently translocated into the nucleus, binds to CSL and 
activates the Notch signaling pathway as illustrated in Figure 1.3. CSL is a DNA binding 
transcription factor that is required for both repression and activation of Notch target 
genes.  
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The NICD domain consists of an amino-terminal RBPjκ-associated molecule domain 
(RAM), ankyrin-like repeats (ANK), a transactivation domain (TAD) and a carboxyl-
terminal PEST sequence (Bork, 1993; Tamura et al., 1995; Sedgwick and Smerdon, 1999; 
Kurooka and Hojo, 2000). The interaction of CSL with RAM domain and ANK repeats 
of NICD (Jarriault et al., 1995; Kato et al., 1997; Tani et al., 2001), converts CSL from a 
transcriptional repressor to an activator (Mumm and Kopan, 2000; Kopan, 2002). Nuclear 
co-activators such as Mastermind/SEL-8/LAG-3 (MAM), histone acetyltransferase (HAT) 
and p300/CBP-associated factor, form a transcriptional activated complex and activates 
the expression of Notch target genes (Petcherski and Kimble, 2000; Mumm and Kopan, 
2000; Fryer et al., 2002; Wallberg et al., 2002; Nam et al., 2003). Genes regulated by 
Notch include basic helix-loop-helix (bHLH) transcription factors of the HES/Her 
(Hairy/Enhancer of Split) and the HEY (Hairy/Enhancer of Split related with YRPW) 
families (Artavanis-Tsakonas et al., 1999; Iso et al., 2003). Zebrafish her genes can be 
divided into three groups based on their responsiveness to Notch signaling. her1 and her4, 
are up-regulated by Notch (Takke and Campos-Ortega, 1999; Takke et al., 1999), while 
expression of her3 and her5 are down-regulated (Hans et al., 2004), and that of her6 and 
her9 are unaffected by Notch (Hans et al., 2004). her4 has been shown to be a target of 
Notch signaling, where its expression is induced by ectopic Notch activation and is 
reduced by manipulations that reduce Notch signaling (Takke et al., 1999).  
 
1.14 Regulation of Notch-ligand activity 
Recently, it has been shown that addition of ubiquitin to proteins can play a key role in 
changing the behavior or distribution of a protein and can affect a variety of events 
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including endocytosis (Hicke, 2001; Weissman, 2001). Ubiquitylation is a multistep 
process that results in the addition of a 76 amino acid polypeptide, ubiquitin, to a 
substrate protein (Weissman, 2001). First, a ubiquitin-activating enzyme (E1) activates 
ubiquitin in an ATP-dependent manner; then a ubiquitin-conjugating enzyme (E2) 
receives its ubiquitin from an E1. Finally, a ubiquitin ligase (E3) that contains a substrate 
recognition domain and provides a docking site for an E2 facilitates transfer of ubiquitin 
from the E2 to the E3-defined substrate. Several different E3 ubiquitin ligases have been 
implicated in Notch signaling (Le Borgne et al., 2005; Wang and Struhl, 2005; Pitsouli 
and Delidakis, 2005). Neuralized (Neur) was shown to encode a RING domain-
containing E3 that monoubiquitylates and promotes endocytosis of Delta (Deblandre et 
al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001). Mind bomb (Mib) was identified as 
an E3 ubiquitin ligase that facilitates DeltaD internalization for effective activation of 
Notch signaling in zebrafish (Itoh et al., 2003; Zhang et al., 2007). Mouse and human 
Mib2 ortholog, Skeletrophin, has been shown to be an E3 ubiquitin ligase targeting Delta 
and Jagged respectively (Koo et al., 2005; Takeuchi et al., 2005). Similar to the mouse 
and human counterparts, zebrafish Mib2 has an E3 ligase activity that functions to 
internalize DeltaC (Zhang et al., 2007).  
 
The Notch pathway is a conserved signal transduction system that is involved in a variety 
of cell fates decisions during development, such as neurogenesis (Beatus and Lendahl, 
1998; Artavanis-Tsakonas et al., 1999; Mizutani et al., 2007; Shin et al., 2007), 
angiogenesis (Liu et al., 2003; Williams et al., 2006; Siekmann et al., 2007; Leslie et al., 
2007; Gridley, 2007; Siekmann et al., 2008;), somitogenesis (Pourquie, 2000; Rida et al., 
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2004), differentiation (Chan et al., 2006; Murtaugh et al., 2003; Grego-Bessa et al., 2007), 
apoptosis (Miele and Osborne, 1999) and other processes as new examples continue to be 
discovered. The following will discuss a few examples of Notch signaling during 
development. 
 
1.15 Notch and lateral inhibition: neurogenesis 
Notch signaling can mediate lateral inhibition, which leads to the selection of cells that 
are permitted to become neurons within domains defined by proneural gene expression 
(Lewis, 1998). Cells in proneural clusters have the ability to adopt a neural fate through 
the expression of proneural genes that encode the bHLH transcriptional factors. In the 
zebrafish context, her4 functions as a direct target of Notch-mediated signal that 
regulates primary neurogenesis. During early neurogenesis, her4 expression domains 
include the regions of the neural plate from which primary neurons arise and the down-
regulation of Notch-mediated signal leads to a reduction in the number of primary 
neurons. The expression of these bHLH proneural transcription factors defines domains 
where cells acquire the potential to become neurons (Ruiz-Gomez and Ghysen, 1993; 
Campos-Ortega, 1995; Ma et al., 1996), as the expression of these factors gives cells the 
potential to inhibit neighboring cells from adopting the same fate by a process called 
lateral inhibition, mediated by the Notch signaling pathway (Taghert et al., 1984; 
Campos-Ortega, 1988; Artavanis-Tsakonas and Simpson, 1991; Greenwald and Rubin, 
1992; Campos-Ortega, 1995;). It was found that these proneural cluster cells 
predominantly express Delta, which activates Notch in the cells surrounding neuronal 
precursor and lead to an up-regulation of Notch expression in neighboring cells (Kunisch 
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et al., 1994). This activation of Notch functions prevents neuronal progenitors from 
becoming primary neurons by repressing the expression of proneural genes (Parks et al., 
1997). The failure of Notch signaling results in an overabundance of cells that adopt a 
neuronal cell fate. This phenotype is known as a “neurogenic” phenotype (Artavanis-
Tsakonas et al., 1991; Artavanis-Tsakonas and Simpson, 1991; Campos-Ortega, 1994). 
For example, mib mutants, which were identified from the 1996 ENU screen, show a 
neurogenic phenotype. This neurogenic phenotype is characterized by an excess of early 
neurons, reduction of a number of late differentiating neurons and a low her4 expression 
(Jiang et al., 1996; Itoh et al., 2003). 
 
1.16 Notch and midline cell fate specification 
The vertebrate embryonic midline structures include the notochord, floor plate and 
hypochord that pattern surrounding tissues near the midline during development. For 
example, notochord and floor plate secrete Sonic hedgehog (Shh), which patterns ventral 
neural tube and somites (Tanabe and Jessell, 1996; Stickney et al., 2000), and hypochord 
cells secrete vascular endothelial growth factor (VEGF), which appears to be required for 
dorsal aorta formation (Cleaver and Krieg, 1998). The Notch signaling pathway is known 
to regulate cell fate decision among neighboring cells in a variety of vertebrate 
developmental context (Artavanis-Tsakonas et al., 1999). In zebrafish, development of 
midline cells requires Notch signaling and earlier studies have shown that Notch 
signaling is an important regulator of midline cell fate specification (Appel et al., 1999; 
Latimer et al., 2002; Jülich et al., 2005; Latimer and Appel, 2006). Zebrafish embryos 
with mutations for Notch components such as deltaA or mib, which encodes a ubiquitin 
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ligase necessary for efficient Notch signaling (Appel et al., 1999; Itoh et al., 2003, Zhang 
et al., 2007), had fewer floorplate and hypochord cells. While, embryos injected with 
mRNA encoding deltaA or NICD resulted in an excess of floorplate and hypochord cells 
(Appel et al., 1999; Latimer et al., 2002).  
 
1.17 Notch and boundaries formation: somitogenesis 
 
Notch involvement in somitogenesis was first suggested by the defects in somite 
morphology observed in mice with targeted mutations in Notch1 and RBPJκ (Conlon et 
al., 1995; Oka et al., 1995). Somites are generated repeatedly in an anterior to posterior 
order from the presomitic mesoderm (PSM) and they are the precursors of vertebrae and 
skeletal muscles. It was proposed that a molecular clock or biochemical oscillator exists 
within the cells of the unsegmented PSM, which give rise to the bilateral symmetrical 
somites formed along the anterior-posterior axis (Cooke and Zeeman, 1976; Pourquie, 
2001). The cycling expression patterns of c-hairy1 in chick, lunatic fringe in chick and 
mouse and her1 in zebrafish support the existence of a molecular clock that governs 
somite segmentation (Palmeirim et al., 1997; Forsberg et al., 1998; McGrew et al., 1998; 
Aulehla and Johnson, 1999; Holley et al., 2000). These genes are collectively known as 
the cyclic gene and they exhibit cyclic waves of expression in the PSM whose temporal 
periodicity corresponds to the formation time of one somite in respective species. The 
formation of one somite can be subdivided into three phases, called I, II, and III. In the 
caudal region, during phase I of the clock cycle, expression is switched in cells that 
resulting in a large caudal domain of expression of the cyclic gene. Then, during phase II 
and III, expression becomes rapidly restricted to a much narrower region localized in the 
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rostral PSM, which continues to narrow while it progresses anteriorly during the somite 
formation process (Pourquiue, 2001). Notch signaling appears to the core pathway that 
governs the segmentation clock (Bessho and Kageyama, 2003). Notch components have 
been found to oscillate within the PSM and mutation of members of the Notch pathway 
causes defects in clock oscillation and segmentation (Forsberg et al., 1998; Takke and 
Campos-Ortega, 1999; Jiang et al., 2000; Holley et al., 2000; Holley et al., 2002; 
Gajewski et al., 2006; Giudicelli et al., 2007). Large genetic screens carried out in 
zebrafish have identified a numbers of mutants with somitogenesis defect (van Eeden et 
al., 1996), which were found to encode components of the Notch pathway. They are 
deadly seven (notch1a), after eight (deltaD), mindbomb (mib/a RING E3 ligase) and 
beamter (deltaC) (Holley et al., 2000; Holley et al., 2002; Itoh et al., 2003; Jülich et al., 
2005). Studies of the dynamic expression of deltaC in zebrafish have provided a link 
between the segmentation clock and the Notch signaling pathway (Jiang et al., 2000). 
deltaC mRNA was reported to be expressed in a dynamic fashion resembling the 
dynamic wave of c-hairy1 expression in the chick PSM (Jiang et al., 2000). Previously, 
the segmentation clock has been thought to be linked to the cell cycle oscillator through 
some mathematical models (Primmett et al., 1988; Primmett et al., 1989; Collier et al., 
2000; McInerney et al., 2004). However, recent publications have shown that cell cycle 
progression is required for zebrafish somite morphogenesis but not segmentation clock 
function (Zhang et al., 2008). This recent finding is in consistent with the earlier 
hypothesis by Horikawa and co-workers, who proposed that mitosis is a source of noise 
for the segmentation clock, whereby segmentation clock regulating somitogenesis 
functions normally in the absence of cell cycle progression (Horikawa et al., 2006). 
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1.18 Notch and diseases 
The Notch signaling pathway is an evolutionarily conserved intercellular mechanism 
essential for proper embryonic development. There is mounting evidence to suggest that 
perturbations in the Notch signaling pathway contribute to the pathogenesis of several 
human diseases, in which some are associated with skeletal defects (Gridley, 2003). 
Mutations in genes encoding Notch pathway components result in three inherited human 
diseases: Alagille syndrome, spondylocostal dysostosis and cerebral autosomal dominant 
arteriopathy. Positional cloning studies revealed that Alagille syndrome is caused by 
mutations in the Jagged1/Serrate1 gene. Accompanying features of this disease include 
cardiac and skeletal defects (Li et al., 1997; Oda et al., 1997). While, mutations in the 
gene for Delta-like 3 (Dll3) ligand are associated with spondylocostal dysostosis, which 
is characterized by vertebral segmentation defects that are associated with rib anomalies 
(Bulman et al., 2000). The prevalence of these diseases highlights the important role of 
Notch signaling in regulating somite formation and in partitioning somites into anterior 
and posterior components (Maroto and Pourquie, 2001). Cerebral autosomal dominant 
arteriopathy is caused by mutations in the Notch3 gene (Joutel et al., 1997). Given that 
Notch signaling is a critical pathway that has been implicated in a variety of cell 
specification, proliferation and apoptosis that affect the development and function of 
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1.19 Notch and p53 
The deregulation of Notch signaling emphasizes the role of Notch in regulating somite 
formation and specification and aberrant Notch signaling has also been documented in 
several human cancers. However, the cell context-dependent outcomes of Notch 
signaling can varies as Notch can be an oncogenes as well as a tumor suppressor, 
depending on the cellular context (Nicolas et al., 2003; Radtke and Raj, 2003). The first 
oncogenic role of Notch was illustrated in T-cell acute lymphoblast leukemia, where 
activated NOTCH1 gene results in translocation of a portion of chromosome 7 to 
chromosome 9. This translocation event leads to expression of a truncated NOTCH1 and 
results in constitutive Notch activity in T cells (Ellisen et al., 1991). On the other hand, 
tumors suppressive role of Notch was demonstrated in mice deficient in Notch1. These 
mice with Notch1 deficient epithelia develop spontaneous basal-cell-carcinoma-like 
tumors and are highly susceptible to chemical-induced carcinogenesis (Nicolas et al., 
2003). The range of proteins that can modulate Notch activation and the crosstalk of 
Notch with other signaling pathways will result in different outcome of Notch activation.  
 
In this section, I will briefly review the relationship of Notch and p53. The p53 tumor-
suppressor protein is a critical mediator of cellular growth arrest and apoptosis (Lane, 
1992; Ljungman, 2000; Vogelstein et al., 2000). In the first example, a study was carried 
out to identify proteins involved in the modulation of p53 transcriptional activity. A gain-
of-function cellular screen showed that ectopic expression of Hey1 and Hes1 activates 
p53 through repression of MDM2 in mammalian cells, zebrafish, and chicken embryos 
and can behave as tumor suppressors (Huang et al., 2004). Both HEY1 and HES1 have 
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been shown to be regulated by the Notch-signaling pathway (Jarriault et al., 1995; Maier 
and Gessler, 2000). The fact that HEY1 and HES1 can modulate p53 activity and are 
regulated by Notch signaling supports a model for cell-type-specific crosstalk between 
the Notch and p53 pathway. During mammalian neural development, activation of the 
Notch signaling pathway is known to be involved in the maintenance of neural progenitor 
identity and the suppression of neuronal differentiation through lateral inhibition 
(Schuurmans and Guillemot, 2002). Studies were carried out to investigate the role of 
Notch signaling in apoptotic cell death of neural progenitors through the generation and 
analysis of cell type-specific conditional transgenic and knockout mice. The conditional 
expression of a constitutively active form of Notch1 selectively induced extensive p53-
dependent apoptosis in early neural progenitor cells but not post-mitotic neurons (Yang et 
al., 2004). The third example of crosstalk between the Notch and the p53 pathway was 
demonstrated in a mouse Mib homolog, Death-associated protein kinase (DAPK)-
interacting protein-1 (DIP-1). DIP-1 functions as an E3 ubiquitin ligase that promotes 
tumor necrosis factor-induced apoptosis and regulates the cellular levels of DAPK (Jin et 
al., 2002). DAPK is a multidomain Ser/Thr protein kinase with an important role in 
apoptosis regulation. Regulation of protein degradation by the ubiquitin proteasome 
pathway is known to be a major pathway through which cells modulate the expression 
levels of critical signaling proteins (Ciechanover, 1998; Schwartz and Ciechanover, 1999; 
Ciechanover et al., 2000; Ciechanover and Schwartz, 2002; Glickman and Ciechanover, 
2002). This finding is an example of mouse Mib homolog in regulating apoptosis through 
the modulation of DAPK level by ubiquitination, thereby suggesting that zebrafish Mib 
may also function to modulate p53-dependent apoptosis in udutu24 mutants through an 
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unknown mechanism. In zebrafish lacking Alzheimer presenilin enhancer 2 resulted in 
excessive p53-dependent apoptosis. γ-Secretase cleavage, mediated by a complex of 
Presenilin, Pen-2, Nicastrin and Aph-1 is the final proteolytic step in generating 
consecutively active form of Notch for proper neuronal development. This finding shows 
that Pen-2 plays an important role in promoting neuronal cell survival and demonstrates 
that activated Notch may function to regulate p53 (Campbell et al., 2006). Recent data 
has showed that NUMB, a cell fate determinant can control p53 tumor suppressor activity 
in breast cancers. NUMB forms a tricomplex with p53 and MDM2, which stabilizes p53 
and prevents its degradation. The loss of NUMB expression in breast cancer cells causes 
increased activity of NOTCH, decreased p53 levels and confers chemoresistance. Hence, 
the activation of an oncogenic NOTCH, involved NUMB and the attenuation of the p53 
pathway (Colaluca et al., 2008). These studies in different cellular context show that 
activated Notch can either repress or activate the p53-dependent apoptosis. Zebrafish is 
the model organism used in this study and it will be shown how differential level of 
Notch in different mib mutants functions to suppress p53-dependent apoptosis in udu 
deficient embryos. In addition, the elevated level of p53 in udutu24 mutants may 
negatively regulate Notch signaling, as suggested by the low expression level of her4. 
 
1.20 Regulation of Notch signaling by p53 
The precise molecular mechanism of how p53 may negatively regulate Notch signaling in 
udutu24 mutants is unknown. However, there is evidence to suggest that p53 may compete 
with Notch1-ICD for binding to the coactivator p300, which interferes with the basal 
transcription machinery (Kurooka and Honjo, 2000; Vo and Goodman, 2001; Oswald et 
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al., 2001; Lubman et al., 2004). In this instance, p53 may repress Notch downstream 
genes by forming complex with p300, thereby making them unavailable for transcription 
activation. Alternatively, p53 was also shown to down-regulate Notch1 activation by 
enhancing the transcription of p21, which represses the transcription of Presenilin1 
(Roperch et al., 1998). Hence, the transcriptional repression of Presenilin1 will result in 
the inactivation of Notch signaling. 
 
1.21 Zebrafish: The model system 
As most of the studies involving Notch and p53 are done in cell culture and the different 
outcomes of Notch signaling are cellular context dependent. Hence, zebrafish comes 
close to being the ideal model organism for studying the relationship between Notch and 
p53 as well as the effect of udu mutation during zebrafish development. The zebrafish, 
Danio rerio, represents a vertebrate model organism to study developmental biology and 
embryogenesis (Streisinger et al., 1981; Grunwald and Streisinger, 1992; Driever and 
Fishman, 1996; Detrich et al., 1999). There is extensive similarity between the zebrafish 
and human genomes, as many human developmental and disease genes have counterparts 
in the zebrafish (Shafizadeh et al., 2002; Bradbury 2004; Goessling et al., 2007; Kari et 
al., 2007; Meeker and Trede, 2008) Therefore, zebrafish may hold the keys to understand 
many human diseases, such as cancer. Here I will discuss the advantages of using 
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1.22 Advantages of using zebrafish 
The zebrafish is gaining popularity for the study of vertebrate development due to several 
reasons. Fertilization and development of zebrafish embryos occurs externally, thereby 
permitting observation and manipulation of embryos in laboratory settings. Its embryonic 
development occurs rapidly, in which most major organs including the gut and the 
vasculature are in place by 2 days postfertilization. In addition, zebrafish embryos and its 
larvae are optically transparent, which allows direct observation under the dissecting 
microscope. During organogenesis, zebrafish embryos are permeable to small molecules 
and drugs, providing easy access for drug administration and vital dye staining. An 
embryo-based chemical suppressor screen was carried out to identify compounds with 
cell cycle regulating activity. Persynthamide has been shown to suppress mitotic 
accumulation in crash & burn (crb) mutants whose corresponding gene encodes for bmyb 
(Shepard et al., 2005). Bymb is a ubiquitously expressed transcription factor involved in 
cellular proliferation and cancer (Sala and Watson, 1999; Oh and Reddy, 1999; Bessa et 
al., 2001; Joaquin and Watson, 2003). Loss of bmyb function results in decreased cyclin 
B1 expression, mitotic arrest and genome instability (Shepard et al., 2005). Other 
advances of zebrafish research include using MO to knock-down specific gene 
expression in zebrafish by inhibiting translation or splicing (Nasevicius and Ekker, 2000; 
Heasman, 2002; Eisen and Smith, 2008). However, this transient knockdown method is 
only temporary rather than complete elimination of the target gene, so proper controls 
must be included to interpret morpholino experiments correctly (Eisen and Smith, 2008). 
Meanwhile, new method has been developed to isolate zebrafish with specific gene 
disruptions by targeting induced local lesions in genomes, known as TILLING. TILLING 
  35 
is reverse genetic approach, whereby ENU mutagenized libraries of live fish or frozen 
sperm are screened for specific gene mutations (Wienholds et al., 2002; Wienholds and 
Plasterk, 2004; Draper et al., 2004). This approach is in contract to the forward genetic 
screen, which isolates mutants based on developmental phenotypes before carrying out 
positional cloning to identify genes that are responsible for the phenotype. The recent 
breakthrough of zebrafish in cancer research is the establishment of zebrafish as a 
xenograft model system. This novel mammalian tumor xenograft model in zebrafish 
method involves transplanting human cancer cells into zebrafish, thus enables 
investigators to study tumor angiogenesis, a pivotal step in cancer progression and target 
for antitumor therapies (Nicoli and Presta, 2007). In consideration of these potential 
advantages and advances in zebrafish, it may complement the current classical 
mammalian systems as a first step in vertebrate models of disease and drug discovery. 
 
1.23 Zebrafish mutagenic screen 
Most forward genetic screens that isolate mutants with developmental phenotypes have 
been conducted using ENU as a mutagen. ENU is an alkylating agent as well as a potent 
mutagen that is capable of causing random point mutations through the transfer of ethyl 
group from ENU to nucleic acids. ENU had a higher mutation rate than others alkylating 
agents tested, inducing apparent point mutations on a random basis (Mullins et al., 1994). 
The affected gene in ENU-induced mutants can be identified by positional cloning 
(Talbot and Schier, 1999; Bahary et al., 2004). In this case, mutants were isolated based 
on obvious visible defects and the limitations of this genetic screen will be the exclusion 
of mutations in genes with only subtle phenotypes (Haffter et al., 1996; Driever et al., 
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1996). Insertional mutagenesis has provided another alternative method to induce 
mutations in zebrafish, whereby retroviruses were used as insertional mutagens. This 
approach enables rapid identification of the mutated gene due to the presence of a 
molecular tag at the site of mutagenic lesion (Gaiano et al., 1996; Amsterdam et al., 1999; 
Golling et al., 2002). Znomics Inc (http://www.znomics.com) has brought retroviral 
insertion to a greater height, as they have created library of frozen sperm samples 
containing multiple insertions each with a parallel library of genomic DNA samples. The 
disrupted genes in each sperm samples can be identified and then be recovered by in vitro 
fertilization. The library currently contains mutations in more than 11,000 different 
zebrafish genes, or approximately half of the genes in the zebrafish genome, many of 
which are similar to human genes. Chemical or insertional genetic screens can lead to the 
isolation of mutants whose phenotype might be useful as a disease model. Recent work 
with the zebrafish model has extended its application to a wide variety of experimental 
studies relevant to human disease and drug screening (Kari et al., 2007).  
 
1.24 Formation of morphologically distinct somites 
udutu24 mutants are ENU-induced mutants, which displayed developmental defects in the 
somites. Somites are generated from the mesenchymal presomitic mesoderm along the 
anteroposterior axis that is tightly controlled by the segmentation clock (Pourquié, 2003; 
Rida et al., 2004). They later give rise to the axial skeleton and the skeletal muscle of the 
trunk (Stickney et al., 2000). The first somite in zebrafish embryos appear approximately 
10.5 h after fertilization and about 30 somites are formed as a bilateral symmetrical pairs 
flanking the notochord and neural tube. In zebrafish, somite production is a rapid process 
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with a new pair of somites added every 30 min. Somites are subdivided into anterior and 
posterior compartments, which provide a vital scaffold for vertebrae segmentation 
(Morin-Kensicki et al., 2002). The expression patterns of a number of genes, including 
notch2, notch3, myoD and deltaC, restricted either to the anterior or posterior half of 
formed somites clearly demonstrate the existence of these subdivisions (Weinberg et al., 
1996; Westin and Lardelli, 1997; Smithers et al., 2000). Furthermore, the expression of 
these zebrafish Notch and Delta homologs in either the anterior or posterior half of 
presumptive formed somites indicates that Notch signaling pathway play a role in somite 
epithelialization. Epithelization is characterized by several features including a transition 
from a round to a cuboidal cellular morphology, polarization of somite cell nuclei 
towards the boundary and relocalization of adhesion molecule towards somite core 
(Linask et al., 1998).  
 
1.25 Somite patterning 
 
Somites are the precursors to the axial skeleton and the skeletal muscle of the trunk. In 
the adult, zebrafish muscle fibers can be subdivided into slow muscle fibers and fast 
muscle fibers. Slow muscle fibers, which are specialized for slow swimming, are located 
superficially, just under the skin. Fast muscle fibers, used for rapid swimming, are 
located in the deep portion of the myotome. The embryonic slow muscle population can 
be further subdivided into pioneer slow muscle and non-pioneer slow muscle fibers 
(Devoto et al., 1996). During embryogenesis, slow muscle fibers are derived from the 
adaxial cells, which are located immediately adjacent to the notochord (Devoto et al., 
1996). Adaxial cells migrate to the lateral surface of the somites where they differentiate 
  38 
into slow muscle fibers. A subset of adaxial cells remains next to the notochord and 
differentiates into muscle pioneer cells. Muscle pioneer cells, a subset of the slow muscle, 
are located medially in the developing somite and express Engrailed (Hatta et al., 1991). 
While the non-adaxial muscle precursors in the segmental plate differentiate into fast 
muscle cells after somite formation (Devoto et al., 1996). The position of slow muscle 
precursors adjacent to the notochord suggests that notochord signaling might induce slow 
muscle fate through the Hedgehog (Hh) signaling pathway (Stickney et al., 2000; Currie 
and Ingham 2001; Ingham and Kim, 2005). Overexpression of hh mRNA in wild-type 
embryos results in a dramatic expansion of slow muscle at the expense of fast muscle, 
while slow muscle development in notochord mutants can be rescued by overexpression 
of shh mRNA (Hammerschmidt et al., 1996; Blagden et al., 1997; Du et al., 1997). 
Studies in Drosophila have established that Patched (Ptc) acts to negatively regulate the 
Hh signaling pathway by inhibiting the activity of Smoothened (Smo), a G-protein-
coupled receptor-like transmembrane protein required to transducer Hh activity into the 
cell (Ingham, 1998). Previous study has shown that the overexpression of ptc, which 
inhibits Hh signaling, can eliminate slow muscle fibers (Lewis et al., 1999). Hence, the 
levels of transcription of ptc1 would be able to serve as a direct target of Hh signaling 
activity. Given that earliest developmental defects that are observed in udutu24 mutants are 
the somite phenotypes, I will describe udutu24 mutants’ somites defects in detail by 
examining its anteroposterior patterning and investigate whether defects in this precursor 
structures affect the later derived muscle fibers development. 
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1.26 Aims of this study 
Positional cloning showed that Udu protein encodes a novel nuclear factor of 2055 amino 
acids and sequencing analysis showed that mutations in udutu24 and udusq1 mutants result 
in a premature stop codon (Liu et al., 2007). Udu has been shown to play an essential role 
during blood cell development; however, its roles in other cellular processes have yet to 
be investigated. Hence, the main aim of this study is to find out the cause for p53 up-
regulation and to further examine other developmental defects that are associated with the 
loss of udu function in udutu24 mutants. In this case, the somite defects will be closely 
examined using various somitic makers to examine the antero-posterior patterning and 
the segmentation clock. FACS, comet assay and immunohistochemical staining will be 
carried out to investigate whether the loss of udu mutation causes any DNA damage and 
how will it affect the cell cycle progression. At the same time, Y2H screen will also be 
carried out to identify more partners of the PAH-L and SANT-L domains and finally to 
further verify these identified interacting partners via co-immunoprecipitation assay.  
 
The predominant localization of Udu in the nucleus as supported by previous data from 
Liu and co-workers may support the importance of PAH-L and SANT-L domains during 
gene regulation (Liu et al., 2007). As mentioned above, two forms of chromatin exist in 
the genome; the heterochromatin and euchromatin. Hence, I will investigate in which 
chromatin structure is PAH-L and SANT-L domains localized in. As the context of 
chromatin structure will influence how the processes of transcription, replication and 
DNA repair systems respond to different types of DNA lesions. Hence, considering the 
potential importance of PAH-L and SANT-L domains, one would guess that Udu would 
  40 
be tightly regulated to control gene expression. Furthermore, the down-regulation of her4 
in udutu24 embryos suggests that udu may play a role in regulating Notch signaling 
pathway. her4, encoding a zebrafish bHLH protein of the HAIRY-E(SPL) family, is a 
target of Notch signaling (Takke et al., 1999) and the low level of her4 in udutu24 mutants 
indicated that Notch activity is compromised in the udu deficient embryos. I will 
investigate the relationship of Udu, p53 and Notch: whether elevated level of p53 could 
regulate Notch and how Udu could regulate Notch, as well as how differential level of 
Notch in mib mutants act to regulate the elevated level of p53 in udu deficient 
background during zebrafish development.  
 
In conclusion, I will present the organismal and cellular consequences of the loss of udu 
function: how udu mutation results in early embryonic lethality and impaired somites 
development as well as examining the correlation between the down-regulated Notch 

















Modified from Liu et al., 2007 
Figure 1.1 udu encodes a novel zebrafish protein of 2055 amino acids. Udu protein consists of six 
conserved regions: CR-1, CR-2, CR-3, PAH-L1, PAH-L2 and SANT-L. CR-1, CR-2 and CR-3 do not 
share similarity with any known domains. Sequencing analysis have shown that both udutu24 and udusq1 
mutants have nonsense mutation at (T1461 to A) and (T2176 to A) respectively. Both PAH-L repeats and 














































Modified from Bode and Dong, 2004 
Figure 1.2 Activation of p53 and its cellular response. In response to stress signals, p53 is 
activated by post-translational modifications. These p53 modifications results in the stabilization of p53 
and its accumulation in the nucleus. The activation of p53 resulted in the increased transcription of p53-
dependent genes that are involved in cellular responses such as apoptosis, cell cycle arrest or DNA repair. 
p53 is normally maintained at a low levels in unstressed cells by ubiquitylation by Mdm2-dependent and 
degraded by the 26S proteasome.  
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                                                                                     Modified from Liu, 2004 
Figure 1.3 The Notch signaling pathway consists of a Delta-type ligand, the receptor Notch and the 
CSL transcription factor, which is Suppressor of Hairless (Su(H)) in zebrafish context. Both Neuralized 
(Neur) and Mind bomb (Mib) encode a RING domain-containing E3 that promotes endocytosis of Delta. 
Upon the binding of Delta to Notch, it triggers proteolytic cleavages of Notch. The first cleavage (S2) 
results from the action of metalloprotease, tumor necrosis factor-α converting enzyme, and the second 
cleavage (S3) is mediated by the γ-secretase complex. Notch intracellular domain (NIC) is released, 
translocated to the nucleus and CSL is converted from a transcriptional repressor to an activator and 
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CHAPTER 2 
 
Materials and Methods 
 
2.1 Zebrafish maintenance and embryos 
Zebrafish maintenance and breeding were carried out under standard conditions at 28.5°C. 
They were kept under photoperiod cycle set at 14 h of daylight and 10 h of darkness. 
Wild-type, udutu24 (Hammerschmidt et al, 1996), mibta52b (Jiang et al., 1996) and mibtfi91 
(Zhang et al., 2007) embryos were staged as previously described (Kimmel et al, 1995). 
Embryos were soaked in 15 μM KU55933 (ATM kinase inhibitor) (Calbiochem) and 200 
μM CGK733 (ATM/ATR kinase inhibitor) (Calbiochem) for 20 h. All experiments with 
zebrafish embryos were approved by the Biological Research Centre, A*STAR. 
 
2.2 Irradiation of zebrafish embryos with ultraviolet (UV) light 
Dechorinated embryos were placed about 65 cm from a UV bulb (SYLVANIA 
Germicidal G30T8/30 watts), irradiated for 15 min at 254 nm. UV treated embryos were 
subsequently rinsed several times in egg water (0.03% sea salt) and then incubated in 
28.5°C for 1 h before carrying out any subsequent experiments. 
 
2.3 Total RNA extraction 
Total RNA was isolated from wild-type and udutu24 embryos at the respective stages 
using TRIzol® reagent (Gibco, BRL). 1 ml TRIzol was added to the eppendorf tube 
containing approximately 100 embryos. Embryos were then homogenized and incubated 
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at room temperature for 5 min. Debris was spun down and 0.2 ml of cholorform (SIGMA) 
was added to the supernatant. The upper aqueous phase containing RNA was transferred 
to a clean eppendorf tube and 0.5 ml of isopropyl alcohol (MERCK) was added. RNA 
pellet was spun down and washed with 75% cold ethanol. Total RNA was dissolved in 
DEPC treated sterile water and stored at -80°C. 
 
2.4 Reverse transcription PCR (RT-PCR) 
First strand cDNA was synthesized using SuperScript™ II Reverse Transcriptase 
(Invitrogen) according to the manufacturer instructions. 1 to 5 μg of isolated total RNA, 
together with 1 μl of 3’ end specific primer (500 μg/ml) were added into a PCR tube and 
total volume was made up to 12 μl using sterile water. The mixture was heated to 70°C 
for 10 min and then quick chilled on ice. It was subsequently followed by the addition of 
4 μl 5X First Strand Buffer, 2 μl 0.1 M DTT, 1 μl 10 mM dNTP mix (dATP, dGTP, 
dCTP and dTTP each at 10 mM) (Roche) and 1 μl (200 units) of SuperScript™ II Reverse 
Transcriptase (Invitrogen). The mixture was incubated at 42°C for 50 min and 
subsequently heat inactivated at 70°C for 15 min. Primers used in RT-PCR for cloning of 
partial or full-length genes are listed in Table 2.4.  
 
2.5 Quantitative Real-time PCR 
Total RNA was reverse transcribed and cDNA was amplified with the respective primers 
designed using Primer Express® software version 3.0 (Applied Biosystems) as listed in 
Table 2.5. The SYBR® Green based quantitative real-time PCR was carried out on ABI 
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7300 real-time PCR system. Reactions were performed using SYBR®  Green PCR master 
mix (Applied Biosystems) with the protocol as described: 95°C for 10 min, followed by 
44 cycles of 95°C for 15 s, 60°C for 1 min. Relative quantification was performed using 
Applied Biosystems Prism Sequence Detection Software (Applied Biosystems).  
 
2.6 Embryos preparation 
Zebrafish embryos were fixed in 4% PFA/PBS at 4°C overnight, unless otherwise stated. 
For embryos which were older than 20 s, 3-amino benzoic acid ethyl ester (tricaine) 
(SIGMA) was used for anesthetizing embryos, prior to fixation. For embryos older than 
24 hfp, 0.2 mM 1-phenyl-2 thiourea (PTU) (SIGMA) was added to the egg water. For 
subsequent experiments involving embryos, they were washed in PBST (0.1% Tween 20 
in PBS). 
 
2.7 Antisense probe synthesis 
3 μg of plasmid DNA was linearlized with an appropriate restriction enzyme at 37°C for 
2 h. After purification, 1 μg of linearlized DNA was used as a template to synthesize the 
antisense probe. The reaction mixture contained 4 μl 5X transcription buffer (Strategene), 
2 μl of DIG/Fluorescein-labeling NTP mix (Roche), 1 μl of RNase inhibitor (Roche) and 
final volume was made up to 20 μl using sterile water. After the reaction mixture was 
incubated at 37°C for 2 h, 1 μl of RNase-free DNase I was subsequently added to digest 
the DNA template at 37°C for 30 min. Finally, the reaction was stopped by adding 2.0 μl 
0.5 M EDTA and RNA was precipitated with 2.5 μl 4 M LiCl and 75 μl cold ethanol and 
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kept at -80°C for 30 min. The pellet was spun down, washed with cold 70% ethanol and 
dissolved in 20 μl DEPC treated sterile water. The antisense probes used for WISH 
experiments were listed in Table 2.1. 
 
2.8 Whole-mount in situ hybridization 
The DIG-labeled RNA probe was added to the prepared embryos at 65°C overnight. The 
non-bound RNA probe was washed away in the following steps: 66% HYB/33% 2X 
SSCT (0.1% Tween 20 in 2X SSC) at 65°C for 15 min, 33% HYB/66% 2X SSC at 65°C 
for 15 min, 2X SSCT at 65°C for 15 min, 0.2X SSCT at 65°C for 1 h, 66% 0.2X 
SSCT/33% PBST at room temperature for 15 min, 33% 0.2X SSCT/66% PBST at room 
temperature for 15 min, followed by PBST at room temperature for 15 min. Embryos 
were incubated in 10% goat serum (SIGMA) in PBST as blocking buffer at room 
temperature for 1 h and incubated with 1:1000 anti-DIG AP antibody (Roche) at room 
temperature for 2 h. The unbound DIG AP antibody was washed using PBST for 4 times 
at 30 min each, followed by AP buffer (0.1 M Tris-HCL; 0.1 M NaCl; 0.05 M MgCl2 , 
pH 9.5) wash at room temperature for 3 times at 5 min each. For colour reaction, 
embryos were soaked in 1 ml of AP buffer with 5 μl 4-Nitroblue tetrazolium chloride 
(NBT) (Roche) plus 3.75 μl 5-Bromo-4-cholor-3-indolyl-phosphate (BCIP) (Roche). The 
color reaction was stopped by rinsing the embryos in PBST, followed by incubation in 
4% PFA/PBS at 4°C overnight. 
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2.9 Injection experiments 
MOs used in this study were p53 and chk2 and they have been described previously 
(Langheinrich et al., 2002; Yamaguchi et al., 2008). The general guideline in designing 
morpholino was having no more than four continuous intra-strand base pairs and the 
designed sequence must not contain more than seven total guanines or three continguous 
guanines in a 25-mer oligo so as to increase the solubility of MO. MOs (Gene Tools) 
were resuspended in 1X Danieau’s buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 
0.6 mM Ca(NO3)2, 5.0 mM HEPES (pH 7.0)) to give a final stock concentration of 5.0 
mM as previously described (Nasevicius et al., 2000). 1.77 pmol of p53-MO and 2.08 
pmol of chk2-MO were injected into the yolks of 1- to 4-cell stage embryos, using a 
pulled glass micropipette and a microinjector. MO sequences were listed in Table 2.3. 
Homozygous udutu24 embryos injected with p53-MO were selected at 20 hfp based on 
somite phenotype and continued to be incubated at 28.5°C for developmental phenotype 
observation, until they were anesthetized in 3-amino benzoic acid ethyl ester, fixed in 4% 
PFA/PBS and processed for WISH and immunohistochemical assay. 
 
2.10 Synthesis of 5’ capped mRNA 
Plasmids were linearlized using an appropriate restriction enzyme. 5’ capped mRNA was 
synthesized with mMESSAGE mMACHINE™ kit (Ambion), according to the 
manufacturer’s instructions. The 5’ capped mRNA used in this study were listed in Table 
2.2. The reaction mixture consisted of 1 μg linearlized DNA, 2 μl 10X reaction buffer, 10 
μl 2X NTP/Cap, 2 μl enzyme mix and nuclease free water to make up to 20 μl. The 
reaction mixture was incubated at 37°C for 2 h, after which, 1 μl RNase-free DNaseI 
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(Roche) was added and further incubated for another 30 min. Phenol:chloroform 
extraction and isopropanol precipitation method were used to purify the synthesized 
capped mRNA according to the manufacturer’s instructions.    
 
2.11 BrdU incorporation and staining 
For labeling of S phase cells, BrdU was incorporated by incubating dechorinated live 
zebrafish embryos for 20 min in BrdU solution (10 mM BrdU; 15% DMSO in egg water) 
on ice, followed by washes in egg water and further incubation for 1 h at 28.5°C. 
Embryos were then fixed in 4% PFA/PBS overnight at 4°C. After several washes in 
PBST (0.1% Tween 20 in PBS), embryos were incubated in 100% methanol overnight at 
-20°C. Embryos were permeabilized with 10 μg/ml proteinase K, and refixed in 4% PFA 
for 20 min. Embryos were then rinsed in PBST and 2 N HCl, followed by incubation in 2 
N HCl for 1 h. Subsequently, embryos were blocked for 1h in blocking solution and 
incubated with primary anti-BrdU antibody (SIGMA) and secondary AlexaFluor488-
conjugated anti-mouse antibody (Molecular probes) at 1:200 dilution at room temperature 
for 2 h.  
 
2.12 Detection of apoptotic cells in whole mount embryos 
The fragmented DNA of apoptotic cells was identified by the TUNEL method, using the 
AP, In situ Cell Death Detection kit (Roche) and the DeadEndTM TUNEL system 
(Promega), according to the manufacturer’s instructions. For both TUNEL kit, embryos 
were fixed in 4% PFA/PBS overnight and stored in 100% ethanol. Embryos were then 
rehydrated in ethanol:PBS series (3:1, 1:1, 1:3) for 5 min each at room temperature, 
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followed by 10 μg/ml proteinase K treatment. The proteinase K treated embryos were 
then refixed in 4% PFA/PBS for 20 min, followed by 2 times of 10 min wash with PBST 
(0.1% Tween 20 in PBS). Converter-AP and substrate solution consisting of NBP/BCIP 
were added when using the AP, In situ Cell Death Detection kit (Roche) for analysis of 
apoptotic cells by light microscopy and examination of TUNEL sections via cryostat 
sectioning. 
 
2.13 Cryostat sectioning 
Stained embryos were transferred to a flexible plastic well containing 1.5% agar in 5% 
sucrose and the embryo’s orientation was adjusted. After the agar block was solidified, it 
was removed from the mold and trimmed with a razor blade according to the desired 
plane of sectioning and then soaked in 30% sucrose overnight. Subsequently, OCT 
compound (Tissue Tek, Miles) was applied to fix the trimmed block onto a pre-chilled 
cryostat chuck. The frozen agar block was placed in a cryostat chamber for equilibration 
for at least 30 min and sectioning was performed on Leica CM 1900 Cryostat. Sections 
were collected onto slides and warmed at 42°C for 30 min before observation under the 
microscope. 
 
2.14 FACS and cell cycle analysis 
Whole embryos and tail region posterior to yolk extension at approximately 22 hpf were 
used. Single-cell suspension was obtained as previously described (Ryu et al., 2005). 
Zebrafish embryos yolk sacs were removed using Ginzburg Fish Ringers (0.1 M NaCl, 
0.003 M KCl, 0.0027 M CaCl2, 0.0015 M NaHCO3) and then transferred to L15 tissue 
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culture media (SIGMA). Papain (SIGMA) solution (20 U/ml) was activated by adding 
0.3 mg/ml cysteine (SIGMA) and incubated for 30 min at room temperature. Preactivated 
papain solution was added to the embryos and incubated for 45 min at room temperature. 
Single cell suspension was achieved by triturating the tissue up and down through a 3 ml 
syringe fitted with 25 gauge needle. Cells were resuspended in 4 mM citrate buffer, pH 
6.5, containing 0.1 mg/ml propidium iodide, 200 µg/ml RNase and 0.1% Triton X-100. 
Cell cycle progression was analyzed using FACScan machine (Becton-Dickinson). 
 
2.15 Comet assay 
Neutral comet assay were performed using Trevigen’s CometAssay Kit (4250-040-K). 
Single-cell suspension was obtained as previously described (Ryu et al., 2005). Zebrafish 
embryos yolk sacs were removed using Ginzburg Fish Ringers (0.1 M NaCl, 0.003 M 
KCl, 0.0027 M CaCl2, 0.0015 M NaHCO3) and then transferred to L15 tissue culture 
media (SIGMA). Papain (SIGMA) solution (20 U/ml) was activated by adding 0.3 mg/ml 
cysteine (SIGMA) and incubated for 30 min at room temperature. Preactivated papain 
solution was added to the embryos and incubated for 45 min at room temperature. Single 
cell suspension was achieved by triturating the tissue up and down through a 3 ml syringe 
fitted with 25 gauge needle. Cells were resuspended in cold PBS to achieve cell 
population of 1 X 105 cells/ml. Cells were combined at 1 x 105/ml with molten low melt 
agarose, which has been pre-warmed to 37˚C. 30 μl were spread onto CometSlide™. If 
necessary, side of pipette tip was used to spread agarose/cells over sample area to ensure 
complete coverage of the sample area. CometSlide™ was placed flat at 4˚C in the dark 
for 10 min to ensure complete adherence of samples to the slide. CometSlide™ was 
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subsequently immersed in prechilled Lysis solution (1% sodium lauryl sarcosinate) at 
4˚C in the dark for at least 30 min. This is followed by washing the CometSlide™ in 1X 
TBE buffer and run in a horizontal electrophoresis apparatus. Power supply was set at 1 
volt per cm (measured electrode to electrode). DNA was stained with Trevigen SYBR 
green as provided and comet images were taken by fluorescence microscopy.  
 
2.16 Immunohistochemical staining  
For immunohistochemical staining, prepared embryos were incubated in 100% methanol 
overnight at -20°C. Embryos were then rehydrated in methanol:PBS series (3:1, 1:1, 1:3) 
for 5 min each at room temperature, followed by acetone treatment at -20°C for 10 min. 
The permeabilized embryos were then washed in PBST (0.1% Tween 20 in PBS), 
followed blocking in PBDT (PBS with 0.1% Triton X-100 and 1% DMSO) with 10% 
goat serum (SIGMA) for 1 h at room temperature. Embryos were then incubated with 
primary antibodies diluted in blocking buffer at 4°C overnight. Antibodies used in this 
study were as followed: F59 (Developmental Studies Hybridoma Bank), polyclonal 
rabbit anti-phosphohistone 3 (PH-3) (Cell Signaling Technology), monoclonal anti-BrdU 
(SIGMA) and polyclonal γ-H2AX (Novus Biologicals, Inc) and their 
immunohistochemical staining were carried on embryos fixed in acetone:methanol 
(50:50). On the second day, primary antibodies were removed and embryos were washed 
in PBDT (PBS with 0.1% Triton X-100 and 1% DMSO) for 5 times for 15 min each. For 
PH3 antibody, embryos were incubated in biotin-labeled secondary antibody (PIERCE) 
at 4°C overnight. This was followed by subsequent washes in PBDT (PBS with 0.1% 
Triton X-100 and 1% DMSO) before incubation in peroxidase-conjugated avidin-biotin 
  53 
complex (ABC kit, PIERCE) for 1 h. 3-3’-Diaminobenzidine (DAB) (SIGMA) was used 
as the peroxidase substrate for colour reaction. For F59, PH3 and γ-H2AX antibodies, 
embryos were incubated with appropriate Alexa congujated antibodies at 1:200 dilutions 
(Molecular Probes) at 4°C overnight. Embryos were then rinsed with PBDT (PBS with 
0.1% Triton X-100 and 1% DMSO) and analyzed using fluorescence microscope. 
 
2.17 Plasmids 
The PAH-L and SANT-L domains was made by sub-cloning the PCR-amplified 
fragments into pCDNA3.1(+) vector, which was tagged with FLAG-tagged. HP1β, 
Mcm3 and Mcm4 PCR-amplified fragments were made by sub-cloning into pCS2+MT 
vector. The primer sequences used for cloning of partial or full-length genes were list in 
Table 2.4. Total RNA was reverse transcribed using SuperscriptTM II reverse transcriptase 
(Invitrogen) and all PCR amplification experiments were done using Expand High 
Fidelity PCR System (Roche). All PCR amplified sequences were verified using 
SeqManTM II, expert sequence analysis (DNASTAR Inc.). Full length Udu cloned in 
pCDNA3.1(+) vector was obtained from Dr. Wen Zilong (Liu et al., 2007). 
 
2.18 Cell culture, transfection and Immunoprecipitation 
COS7 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 
10% (v/v) fetal bovine serum and 1% penicillin-streptomycin. Cells were transiently 
transfected using Lipofectamine™ LTX transfection reagent (Invitrogen). In 
immunoprecipitation assay, cells were harvested 24 h after transfection in IONIC buffer 
(50 mM Tris; pH 8.0, 150 mM NaCl, 0.5% NP40 (Roche), 0.5% deoxycholic acid, 0.05% 
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SDS) containing protease inhibitor cocktail (Roche). Cell lysate from 100 mm dish was 
clarified by centrifugation and incubated with anti-FLAG® M2 affinity gel (SIGMA) for 
4 h at 4°C. The eluted proteins were electrophoresis on an SDS-polyacrylamide gel 
followed by western blotting with rabbit anti-MYC (Santa Cruz) and rabbit anti-FLAG 
antibody (SIGMA).  
 
2.19 Cells synchonization 
For cells synchonization, COS7 cells were incubated in 1 μg/ml aphidicolin 
(Calbiochem®) for 20 h and then released into aphidicolin-free medium. Briefly, 
trypsinzed cells were fixed in ice-cold 70% ethanol, resuspended in PBS containing 10 
μg/ml RNaseA, 10μg/ml propidium-iodide (PI) (SIGMA) and monitored for DNA 
distribution in G1/S border via FACS analysis. Synchonized cells were then incubated 
with 10 μM BrdU for 10 min at 37°C. 
 
2.20 Immunofluorescence 
COS7 cells were grown on coverslips in 35 mm cell culture dish under the conditions as 
described in cell culture section. After 24 h transfection, cells were fixed in 4% PFA/PBS 
for 10 min at room temperature. Fixed cells were permeabilized in 0.1% Triton X-100 in 
PBS for 10 min and then blocked in blocking solution (10% goat serum in PBS) for 1 h. 
The cells were then sequentially treated with primary and secondary antibodies diluted in 
blocking solution for 1 h each at room temperature. The primary antibodies used were 
rabbit anti-FLAG (Santa Cruz), mouse anti-BrdU (Sigma), mouse anti-MYC (Santa Cruz) 
and anti-Udu (Liu et al., 2007). The secondary used were Alexa488-goat anti-rabbit, 
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Alexa568-goat anti-mouse antibodies (Molecular Probes). Cells on coverslips were 
mounted onto microscope slides and visualized using fluorescence microscope. 
 
2.21 Microscopy 
Embryos were observed on a Zeiss Axioshop microscope equipped with a Nikon camera 
for digital image capture. Confocal images of F59, TUNEL and BrdU assays were taken 
on a Zeiss inverted 510 LSM laser scanning confocal microscope and images were 
processed using Zeiss LSM image browser. γH2AX immunohistochemical staining and 
IF assays were taken on Olympus Fluoview upright Confocal microscope equipped with 
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Table 2.1 List of molecular markers used in this study 
Marker Linerizing enzyme RNA polymerase Reference 
col2aI SmaI T7 Yan et al., 1996 
deltaC XbaI T7 Smithers et al., 2000 
her4 BamHI T7 Takke et al., 1999 
m-cadherin EcoRI T3 Cortes et al., 2003 
myoD EcoRV T7 Weinberg et al., 1996 
n-cadherin EcoRI T3 Bitzur and Geiger, 1994 
notch2 BamHI T3 Westin and Lardelli, 1997 
notch3 BamHI T3 Westin and Lardelli, 1997 
p53 BamHI T7 Cheng et al., 1997 
papc ApaI T3 Yamamoto et al., 1998 
ptc1 EcoRI T7 Concordet et al., 1996 
shh HindIII T7 Krauss et al., 1993 
titin XhoI T3 Xu et al., 2002 
 
Table 2.2 List of mRNA used in this study 
Gene Linerizing enzyme RNA polymerase Reference 
udu PvuI T7 Liu et al., 2007 
 
Table 2.3 List of morpholinos used in this study 
Gene Accession number Sequence 
Targeted region Reference 
atm AB191208 5’GAAAACGGCA
CCACCTGGTAAA
Splice blocking Yamaguchi et al., 2008 
















5’AUG Sieger et al., 2003 
 
Table 2.4 Primers used for cloning of partial or full-length genes 










AGAA 3’ SANT-L domain of 






GGCCGT 3’ PAH-L+SANT-L 












ACCATCA 3’ mcm4 NM_198913 
Reverse 









Table 2.5 Sequence of genes used in quantitative Real-time PCR 
Gene Accession number 5’ sequence 3’ sequence 
p53 NM_131327 ACCACAGCTTGGTGCTGAAT GCCTGGACATGCACACACA 
mdm2 AF010255 TGGAGTCCATCAACTCTGAT 
CGAGGAAGAGGAGGGTTGAA
C 
cyclin D1 NM_131025 GCAGCTTTTAGGAGCAACTT CTGAGGCCAGATCCCACTTC 
p21WAF/CIP1 AL912410 GACTGAGGAATGGATCTTTC 
CTTCATCTGTCTGGAGCTGC
AT 
caspase 8 NM_131510 CCAGACAATCTGGATGAACT 
CATTGTTTCAGATACAGGGT
TGTTG 
bax NM_131562 GCTGCACTTCTCAACAACTT CGGGCCACTCTGATGAAGAC 
gadd45αl AY714218 AAGGATGGACTCGGTGATTA 
CCTTCACATCGTCGTCATCA
GT 
gadd45β1 AB180735 AGGAGGTTGTTGGATGCAA 
TCTGGATCCACATTCATGAG
TTG 
gadd45β2 AB180736 GAGGATCTGGACGACATT TGAGAGTTAGTGACGAGGATGCA 
atm AJ605775 ACGAGCTAATCTGTCAGTCA TTCTGCCCGCTCCAAGTC 
atr CT623247 ATGGTCACTGACAACAAGCT GCGGCCAGCTTTTTCAAAT 
chk1 CB363820 TGCGTTAACAAACCGCTTCA TTTTGCCATGTCCACAACTT 
chk2 AF265346 AGCGTGCTCAATTGCACAGA TCGTCGTCCACCCATGTG 
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CHAPTER 3 
udutu24 mutants were characterized by defects in somites, myotome 




Somites are formed at regular intervals as repeated segments that subsequently become 
the skeletal muscle and vertebrae. Somites are generated from the mesenchymal 
presomitic mesoderm along the anteroposterior axis that is tightly controlled by the 
segmentation clock (Stickney et al., 2000; Pourquié, 2003; Rida et al., 2004). It was 
proposed that somite segmentation involves a molecular clock or biochemical oscillator 
that exists within the cells of the unsegmented PSM (Cooke and Zeeman, 1976; 
Pourquiue, 2001). Recent evidence indicates that the Notch/Delta signaling pathway 
plays an essential role in the somite segmentation process. The dynamic oscillation 
expression pattern of deltaC in zebrafish have provided a link between the segmentation 
clock and the Notch signaling pathway (Palmeirim et al., 1997; Forsberg et al., 1998; 
Kimmel et al., 1988; McGrew et al., 1998; Aulehla and Johnson, 1999; Roy et al., 1999; 
Holley et al., 2000; Jiang et al., 2000). In addition to the previous characterized 
phenotypes of having a short body axis, the existence of a predominant cell death 
phenotype and fewer blood cells in udu deficient embryos (Hammerschmidt et al., 1996; 
Liu et al., 2007), udutu24 mutants were also found to have severe developmental defects in 
the somites. The expression patterns of a numbers of genes, including notch2, notch3, 
myoD and papc that are expressed in either the anterior or posterior half of formed 
somites, clearly demonstrate the subdivision of the presumptive and formed somites 
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(Weinberg et al., 1996; Westin and Lardelli, 1997; Yamamoto et al., 1998). As somite 
matures, the myotome is generated by the elongation and/or fusion of initially rounded 
somitic cells into long muscle fibers that span the entire anterior to posterior extent of a 
somite (Devoto et al., 1996). Muscle is the major derivative of the zebrafish somites. 
Slow muscle fibers are one of the muscle populations that are derived from the adaxial 
cells, which are located immediately adjacent to the notochord (Devoto et al., 1996). 
Earlier studies have indicated that specification of the slow muscle lineage is dependent 
on Hh signaling from the notochord (Stickney et al., 2000; Ingham and Kim, 2005). 
Hence, the transcription level of ptc1 would be able to serve as an indicator of Hh 
signaling activity. In zebrafish, ptc1 is initially and most prominently expressed in the 
presomitic mesoderm in two stripes of cells immediately adjacent to the notochord 
(Concordet et al., 1996). Notochord, floor plate and hypochord, are vertebrate embryonic 
midline structures that pattern tissues near the midline. Previous studies have shown that 
Notch signaling is important in regulating midline cell fate specification (Appel et al., 
1999; Latimer et al., 2002; Jülich et al., 2005; Latimer and Appel, 2006). Zebrafish 
embryos with mutations of Notch components had deficits of floorplate and hypochord 




Both udutu24 and udusq1 mutants displayed similar phenotypes and sequencing result 
revealed that mutation in udutu24 embryos is at exon 12 and exon 21 respectively, 
resulting in a premature stop codon (Liu et al., 2007). udusq1 mutants associated with 
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blood cells defects have been described previously (Liu et al., 2007), however, other 
developmental defects of udu mutants remain largely unexplored. I will use udutu24 
mutants in this study and show that udutu24 mutants have somite defects as well as defects 
in myotome boundaries, muscle pioneers and midline structures. These developmental 
defects were being examined with various morphological markers or antibodies to label 
somites and structures that are derived form somites. The expression pattern of somite 
morphological markers indicated that the anterior-posterior somite identity of udutu24 
embryos was affected; however the segmentation clock regulating zebrafish 
somitogenesis is functioning properely in udutu24 mutants. Taken together, my results 
showed that the loss of udu function affects somite boundaries, muscle pioneers and 
midline structures during zebrafish development.  
 
3.3 Results 
3.31 udutu24 mutants display somite defects 
Somites defects can be observed in udutu24 mutants at approximately 16 hpf, when the 
regular somite morphology was lost and tail extension defects were apparent (Figures 
3.1A and B). At 20 hpf the short body axis of udutu24 mutants were more evident; the 
boundaries of the posterior-most somites were less distinct and abnormally shaped, 
lacking the chevron shape with clear boundaries. Overall, udutu24 mutants displayed a 
retarded growth, with reduced number of formed somites (Figures 3.1C and D). At day 
two, udutu24 mutants showed a significant reduction in body length, yolk sac extension as 
well as smaller head and eyes (Figures 3.1E and F). Somite segmentation of vertebrate 
embryos depends on a complex genetic network that generates highly dynamic gene 
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expression. Somites in wild-type embryos are formed in synchrony on either side of the 
embryonic midline in a reiterative manner and the formed somites are divided into 
distinctive antero-posterior halves. In this case, I have used various somite morphological 
markers to characterize udutu24 mutants’ antero-posterior segment defects.  
 
The embryos were analyzed for myoD and papc, a posterior and anterior somite marker, 
respectively (Weinberg et al., 1996; Yamamoto et al., 1998). In 14 hpf wild-type embryo, 
myoD was expressed in the posterior of the already formed somites. In addition, there 
were two fainter pairs of stained bands that correspond to the positions of the posterior of 
the next two pairs of somites to form, indicated by asterisk. However, in udutu24 mutants, 
myoD-expressing cells were only expressed along the mediolateral axis (Figure 3.2A and 
B). The formation of the bands of myoD-expressing cells continued to form in an 
anterior-to-posterior manner. In 18 hpf and 24 hpf wild-type embryos, myoD was 
expressed in individual somites but the myoD striped pattern in the mature somites of 
udutu24 mutant were severely disturbed (Figure 3.2C to F). To examine antero-posterior 
specification within the somites, notch3 and notch2, two genes encoding Delta receptors 
and expressed in the posterior and anterior part of the somites, respectively, were 
analyzed (Figure 3.2G to J) (Westin and Lardelli, 1997). Similar to the defects observed 
with myoD distribution, udutu24 mutants display obvious change in the expression pattern 
of notch3, where its expression pattern has expanded laterally, indicating that the 
posterior somite identity was affected (Figure 3.2G and H). Expression of notch2 in 
udutu24 mutants’ somites was reduced, which suggests that anterior somite specification 
may be impaired (Figure 3.2I and J); this was further confirmed by the absence of papc 
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expression in the anterior PSM (Figure 3.2K and L) (Westin and Lardelli, 1997). The 
absence of papc expression in the anterior PSM further confirmed the defects in anterior 
somite specification in udutu24 mutants. The expression patterns of these anterior and 
posterior-half somite markers were generally expressed in a disorganized manner, thus 
demonstrating that udu mutation does affect somite segment polarity (van Eeden et al., 
1996; Durbin et al., 2000). 
 
3.32 Segmentation clock is functioning in udutu24 mutants 
Within the extending trunk and tail of the developing zebrafish embryos, the 
segmentation clock governs the periodic formation of segments that ultimately become 
the vertebral column and musculature of the animal, which involve the Notch signaling 
pathway (Jiang et al., 2000; Rida et al., 2004), resulting in periodic formation of somite 
boundaries. To examine whether the oscillator mechanism regulating zebrafish 
somitogenesis is affected, I have analyzed the expression pattern of deltaC, which is a 
readout of the cycling segmentation clock (Jiang et al., 2000). deltaC expression patterns 
are arranged as phases of a cycle resembling the cycle of patterns of c-hairy1 expression 
in the chick embryos (Palmeirim et al., 1997). The cycle of patterns can be arranged into 
three intervals, labeled phases I, II and III and intermediate phases are labeled I+, II+ and 
III+. During phase I of the clock cycle, deltaC expression is switch on, resulting in a 
large caudal domain of expression of the gene in the posterior region. Then during phase 
II and III, expression becomes rapidly restricted to a much narrower region localized in 
the anterior PSM, which continues to narrow while it progresses anteriorly during the 
somite formation process. In udutu24 mutants, cycling expression of deltaC in the PSM 
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was maintained at 12 s, suggesting that the oscillator function is not affected by udu 
mutation and is not responsible for the somite defect (Figure 3.3A). 
 
3.33 Loss of udu function affects somite boundaries and muscle pioneers  
Although somites in udutu24 mutants do form, their somite boundaries were not formed 
properly. Nomarski images showed that the somite boundaries of udutu24 embryos were 
less distinct and abnormally U-shaped, while somites of wild-type embryos were 
chevron-shaped with clear boundaries (Figure 3.4A and B). After segmentation, the 
zebrafish somites is subdivide into myotome, sclerotome and dermomyotome, which later 
give rise to the vertebrae and skeletal muscles (Stickney et al., 2000). titin, a myotome 
boundary marker was used to characterize udutu24 mutants myotome boundaries. 
Myotome boundaries of wild-type embryos were stained as V-shaped structures, while 
myotome boundaries of udutu24 mutants were disrupted (Figure 3.4C and D). To further 
characterize the effects of somites defects on muscle formation, I proceeded to analyze 
marker genes involved in slow muscle development. During embryogenesis, slow muscle 
fibers are derived from the adaxial cells, which then migrate though the entire myotome 
to the surface under skin. F59 monoclonal antibody first labels adaxial cells when they 
are still cubodial shaped segmental plate cells and as the adaxial cells elongate, these 
F59-positive cells move dorsally and ventrally to occupy the entire extent of the 
myotome (Devoto et al., 1996). However, slow muscle fibers of the mutant were of 
varying lengths and with gaps within each U-shaped somitic region (Figure 3.4E and F). 
Single confocal scans at the dorsoventral level of the notochord taken from the same 
image stacks, showed that fibers of udutu24 embryos are either missing or failed to migrate 
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to the lateral surface of the myotome of posterior somites at approximately 22 hfp (Figure 
3.4G and H). It has been shown by Cortes and coworkers that differential cell adhesion 
mediated by m-cadherin and n-cadherin can control slow muscle migration in the 
developing zebrafish myotome (Cortés et al., 2003). WISH of m-cadherin and n-cadherin 
were carried out. m-cadherin does not accumulate strongly in the adaxial cells of udutu24 
embryos and its extension to the entire extent of the myotome was not as intensive as in 
the wild-type embryos at 15 s (Figure 3.5A and B) and 30 hpf respectively (Figure 3.5C 
and D). The expression of n-cadherin was reduced in a medial to lateral wave in udutu24 
embryos that corresponds exactly with the onset of slow muscle migration, when 
compared to wild-type embryos at approximately 30 hfp (Figure 3.5E and F). Thus udu 
mutation does affect the expression pattern of m-cadherin and n-cadherin during the slow 
muscle migration period.  
 
In zebrafish embryo, a subset of adaxial cells develop into engrailed-expressing muscle 
pioneers and are the only slow muscle pioneers to express engrailed 1 and engrailed 2 
along the anterior-posterior axis (Ekker et al., 1992; Fjose et al., 1992). In our studies, I 
found that eng2a expression is perturbed in udutu24 embryos compared to wild-type 
embryos (Figure 3.6A and B). Previous studies have shown that the differentiation of 
distinct muscle fiber types required the activity of Hh signaling (Currie and Ingham, 1996; 
Du et al., 1997; Lewis et al., 1999). To examine whether Hh signaling is affected in the 
mutant, we examined ptc1, a negative regulator of Hh signaling and found its expression 
level to be normal. In zebrafish, ptc1 was initially and most prominently expressed in the 
presomitic mesoderm in two stripes of cells immediately adjacent to the notochord 
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(Figure 3.6C and D). The normal expression level of ptc1 in udutu24 embryos has 
indicated that Hh signaling is unaffected. Next, I examined whether morphogenetic 
defects can be found in the midline structures of udutu24 embryos. The notochord is a rod-
like embryonic organ located at the midline. It is essential for normal development, 
providing signals such as Shh that pattern surrounding tissues (Tanabe and Jessel, 1996; 
Stickney et al., 2000). WISH of shh was carried out and it is expressed in the floorplate. 
udutu24 embryos showed obvious gaps in the floorplate (Figure 3.6E and F), thus 
indicating that the loss of udu function may cause defects in the floorplate. 
 
3.34 udutu24 mutants show defects in midline structures 
Vertebrate embryonic structures include notochord, floor plate and hypochord. In view of 
the floor plate defects found in udutu24 mutants, I have also examined whether there is any 
defects in the hypochord using a type II collagen (col2a1) gene. col2a1 is expressed 
dynamically in two rows that are each a single cell wide: the floor plate of the central 
nervous system immediately dorsal to notochord, and the hypochord immediately ventral 
to notochord. In approximately 30 hpf udutu24 mutants, col2a1 staining showed that the 
hypochordal cells were severely affected and gaps can also be observed in the floor plate 
(Figure 3.7A and B). Overall, there was a significant reduction of floor plate and 
hypochordal cells, thus the results showed that the loss of udu function also resulted in 
midline structures defect. Zebrafish mutants of the Notch signaling pathway exhibit 
defects in floor plate and hypochordal cells and it has been shown that deltaC and deltaD 
(Notch ligands) are required for hypochord cells differentiating from midline precursors 
(Appel et al., 1999; Latimer et al., 2002; Jülich et al., 2005; Latimer and Appel, 2006, 
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Zhang et al., 2007). This observation may suggest a link between Udu and the Notch 
signaling pathway. I will discuss about the influence of udu mutation on the Notch 




Most forward genetic screens that isolate mutants with developmental phenotypes have 
been conducted using ENU as a mutagen that could potentially induce point mutation 
(Mullins et al., 1994). This method of causing point mutation was effectively used in 
Boston and Tübingen screens (Patton et al., 2001). Both udutu24 and udusq1 mutants were 
isolated from ENU screen (Hammerschmidt et al., 1996; Liu et al., 2007) and these udu 
alleles are unable to form proper somites, which is characterized by the loss of chevron-
shaped somites structure. Hence, in this section, I have described udutu24 mutants’ 
morphological phenotypes and have used several somite markers to verify the observed 
somite phenotype. The results indicated that udu mutation does affect somite segment 
polarity and the later derived structures such as the myotome boundaries and slow muscle 
pioneers development. The periodic production of somites along the antero-posterior axis 
of the vertebrate body involves a molecular oscillator, the ‘segmentation clock’, which 
can be visualized through the expression pattern of cyclin genes. In the zebrafish PSM, 
three genes have so far been shown to have cyclic expression: the Notch ligand, deltaC 
(Jiang et al., 2000) and the hairy-related genes, her1 and her7 (Holley et al., 2000; Oates 
and Ho, 2002; Henry et al., 2002). Most oscillatory genes are related to Notch signaling 
and dependent on Notch signaling for their cyclic expression. In this case, I have used 
deltaC to examine the functioning of the segmentation clock in udutu24 mutants. deltaC 
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marks the posterior part of each formed somite and its expression pattern in this study 
have showed that the segmentation clock is still cycling in udutu24 mutants. At this 
moment, I am still not sure what causes the somite defects in udutu24 mutants; however, 
its somite defects can be rescued by p53 depletion in udutu24 mutants, which will be 
discussed in the later chapter. 
 
One of the speculations for the observed somite defects in udutu24 mutants may be due to 
the lack of normal cell cycle progression. Some mathematical models have linked the 
segmentation clock that governs somitogenesis to the cell cycle oscillator (Collier et al., 
2000; McInerney et al., 2004; Primmett et al., 1989; Primmett et al., 1988). In contrast to 
models that link the segmentation clock to the cell cycle, it has been postulated that 
mitosis is actually a source of noise for the clock (Horikawa et al., 2006). emi1–/– 
embryos, where a negative regulator of the Anaphase Promoting Complex, known as 
early mitotic inhibitor 1 (emi1) is mutated, were found to exhibit a mitotic block as 
indicated by immunohistochemical staining with PH-3 (Zhang et al., 2008). The emi1–/– 
mutant was used to examine the role of the cell cycle in somitogenesis and data have 
indicated that cell cycle progression is not required for zebrafish segmentation; this is in 
agreement with the hypothesis that mitosis is a modest source of noise for the 
segmentation clock (Horikawa et al., 2006). Study done in udutu24 mutants were in 
consistent with this published data, in which the segmentation clock, which regulates 
somitogenesis, functions normally in the absence of cell cycle progression. Evidence 
presented in the later chapter will discuss in detail about the cell cycle progression defect 
in udutu24 mutants. FACS analysis and immunohistochemical staining with PH-3 further 
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confirmed the reduction of mitotic cells in udutu24 mutants. In this instance, the 
segmentation clock, which regulates somitogenesis functions normally in a low mitosis 


















  70 
 
 
Figure 3.1 udutu24 mutants’ phenotypes. Morphology of wild-type and udutu24 embryos at 
approximately (A-B) 16 hpf, (C-D) 20 hpf and (E-F) day two in lateral view with anterior to the left and 
dorsal upwards. (A-B) The earliest phenotype of udutu24 mutants can be observed at approximately 16 hfp 
when the regular somite morphology was lost and tail extension defects were apparent. (C-D) At 20 hpf, 
the udutu24 mutant has a shorter body axis; the boundaries of the posterior-most somites were less distinct 
and abnormally shaped, lacking the chevron shape with clear boundaries. (E-F) At day two, udutu24 mutants 
showed a significant reduction in body length, yolk sac extension (yse) as well as smaller head and eyes. 
All embryos were represented in lateral view with anterior to the top and dorsal to the right, unless 


































Figure 3.2 udu mutation causes somite defects. (A-F) WISH for myoD, (G-H) WISH for notch3, 
(I-J) WISH for notch2 and (K-L) WISH for papc. (A-B) At 14 hpf, myoD was expressed in the posterior 
half of the formed somites and along the mediolateral axis, however, myoD-expressing cells were only 
found along the mediolateral axis of udutu24 mutants. (C-D) At 18 hpf, myoD striped pattern in mature 
somites were disturbed in udutu24 mutants. Each asterisk denotes the posterior half of formed somite. (E-F) 
Segmented expression of myoD were disorganized in 24 hpf udutu24 embryos. (G-J) Anterior-posterior 
somite identity of udutu24 embryos were analysed with notch2 and notch3 markers respectively at 
approximately 10 s. Arrow line denotes somite region. (G-H) The expression of notch3 in the posterior half 
of udutu24 embryos was not as intensive as in wild-type embryos and its expression pattern had expanded 
laterally. (I-J) Expression of notch2 in the anterior half of udutu24 embryos was reduced. (K-L) papc was not 
expressed in the anterior psm of udutu24 embryos, shown in dorsal view with anterior to the top; indicated 
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Figure 3.3 Segmentation clock is functional in udutu24 mutants. Expression of deltaC in 
homozygous udutu24 embryos at 12 s. deltaC expression patterns were arranged in a sequence 
corresponding to a temporal oscillation in the PSM linked to somitogenesis. The different phases of the 
oscillation cycle were numbered I, II and III and intermediate phases were designated I+, II+ and III+. All 









  73 
 
Figure 3.4 udutu24 mutants exhibit defects in somite and myotome boundaries. (A-B) Nomarski 
images of wild-type and udutu24 embryos’ somites. Shown was approximately the 12th to 24th somite 
region. Somites of wild-type embryos were chevron shaped with clear boundaries, however, mutant 
somites were U-shaped and their boundaries were less distinct, indicated by arrowheads. (C-D) Myotome 
boundaries of the embryos were marked by titin in lateral view with anterior to the left and dorsal upwards, 
indicated by asterisk. Myotome boundaries of udutu24 embryos were disrupted. (E-F) Projection of the 
lateral stacks of F59 labeled slow muscle fibers. *, *’ and *’’ are enlargement of bracket areas. Arrow 
indicates fibers of varying length and arrowhead denotes gaps within each U-shaped somitic region of 
udutu24 embryos. (G-H) Single confocal scans of the notochord taken from the same projection stacks at the 
dorsoventral level. Fibers of udutu24 embryos were missing and failed to migrate properly to the lateral 
surface as illustrated by arrowhead and asterisk respectively. All embryos were in lateral view with anterior 
to the left and dorsal to the top. 
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Figure 3.5 Expression of m- and n-cadherin during development of the myotome. (A-B) At 15 s, 
m-cadherin does not accumulate strongly in the adaxial cells of udutu24 embryos. (C-D) WISH of m-
cadherin at 30 hfp. In udutu24 embryos, m-cadherin extension to the entire extent of the myotome was not 
as intensive as in wild-type embryos. (E-F) WISH of n-cadherin at 30 hfp. The reduction of n-cadherin in a 
medial to lateral wave in udutu24 embryos corresponds exactly with the onset of slow muscle migration. All 
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Figure 3.6 Hedgehog signaling in udutu24 embryos. (A-B) Engrailed-expressing muscle pioneers 
failed to develop properly in udutu24 embryos as shown with eng2a mRNA. (C-D) Expression pattern of 
ptc1 in wild-type and udutu24 embryos at approximately 30 hpf. (E-F) WISH for shh in the floorplate. shh 
expression level was not affected but pattern was patchy in udutu24 mutants. All embryos were in lateral 





























Figure 3.7 udu mutation causes midline structures defects. (A-B) Lateral views of embryos 
labeled for col2a1 RNA expression at approximately 30 hpf. col2a1 is expressed in floorplate cells and 
hypochord cells, immediately dorsal to and ventral to notochord. Obvious gaps can be seen in floorplate 
























  77 
CHAPTER 4 
Activation of ATM-Chk2-p53 signaling pathway in udutu24 mutant 
 
4.1 Background 
Apoptotic cells have been found in udutu24 embryos previously (Hammerschmidt et al., 
1996; Liu et al., 2007) and TUNEL assay were carried out to further analyze the 
distribution pattern of apoptotic cells. Apoptosis is a form of programmed cell death in 
multicellular organisms and involves a series of biochemical events leading to a 
characteristic cell morphology and death. Various factors such as intracellular ion 
deregulation (Trump and Berezesky, 1995), loss of cell cycle control (Herrup and Busser, 
1995), secretion of cytotoxic proteins by the cell or from the surrounding tissue (Williams 
and Smith, 1993; Wood and Youle, 1995), exposure to environmental pathogens or 
toxins (Vaux et al., 1994), changes in hormone levels (Truman and Schwartz, 1984), and 
inadequate amounts or elimination of a trophic factor (Oppenheim and Nunez, 1982; 
Lowrie and Vrbova, 1992) can promote apoptosis. In these cases, apoptosis functions to 
remove the damaged cell and also plays a role in preventing cancer; if a cell is unable to 
undergo apoptosis, due to mutation or biochemical inhibition, it can continue to divide 
and develop into a tumor. Besides inducing damaged cells to undergo apoptosis, cells 
with severely damaged DNA can also be prevented from normal cell cycle progression 
and p53 is one important regulatory response protein to DNA damage.  
 
It is well-known that tumor-suppressor protein p53 plays an important role in determining 
the fate of cells following exposure to DNA damage and other types of cellular stress. 
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Upon DNA damage or other cellular stress, p53 becomes activated and accumulates in 
the nucleus and activate transcription of its downstream target genes by eliciting cell 
cycle arrest or apoptosis and thereby constraining tumor progression (Lane, 1992; 
Ljungman, 2000). The activation of p53 and its downstream target genes function to 
induce G1 cell cycle arrest through the induction of the cyclin-dependent kinase inhibitor 
p21WAF/CIP1 and destabilization of cyclin D1, to allow time for DNA repair, or apoptosis, 
in order to eliminate cells with elevated carcinogenic potential (Deng et al., 1995; Elledge, 
1996; Agami and Bernards, 2000). Besides inducing G1 cell cycle arrest, p53 has also 
been shown to play a critical role in G2 arrest (Bunz et al., 1998). Under normal 
circumstance, p53 protein is kept at low levels in normal cells by Mdm2, an E3 ligase 
that targets p53 for degradation via the ubiquitin mediated 26S proteasome pathway 
(Momand et al. 1992). Hence, in circumstances where the DNA is extensively damaged 
and not easily repaired, the activated DNA damage response can effectively block cell-
cycle progression at G1/S phase boundary, in S phase, and during the G2/M transition 
phases (Zhou and Elledge, 2000). 
 
ATM and ATR are the sensor/transducers of DNA damage response (Abraham, 2003; 
Shiloh, 2003). ATR functions as a sensor and transducer in response to UV and 
presumably to genotoxic agents that give rise to stalled replication forks, and it 
subsequently activates Chk1 (Melo et al., 2001). While, ATM is a central signaling 
protein that functions in response to DNA DSB, leading to activation of Chk2 (Shiloh, 
2003), which ultimately activates the tumor suppressor p53 (Helton and Chen, 2007). 
Upon phosphorylation through ATM, p53 interaction with Mdm2 is inhibited, resulting 
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in p53 stabilization (Shieh et al., 1997). ATM phosphorylates p53 on serine-15 and 
Mdm2 on serine-395; Chk2 phosphorylates p53 on serine-20 in human (Chehab et al., 
1999; Maya et al., 2000; Shiloh, 2001). These phosphorylation modifications prevent 
p53-Mdm2 association that targets p53 for proteolysis, thus resulting in p53 stabilization. 
The activation of the DNA damage response involving p53 triggers the expression of 
numerous target genes involved in DNA repair, cell-cycle arrest and apoptosis. Hence, 
the DNA damage response pathway is a cellular surveillance system that senses the 
presence of damaged DNA and elicits an appropriate and effective response to the 
specific damage. Various factors can contribute to DNA damage, with DSB of 
chromosomal DNA being the most destructive form of damage. Immediately after DNA 
DSB, H2AX histones are phosphorylated at serine-139 and γ-H2AX serves as a marker 
for DSBs and are able to initiate repair via NHEJ or HRR mechanisms (Rogakou et al., 
1998; Fernandez-Capetillo et al., 2004). The recruitment of γ-H2AX to the damaged sites 
was very rapid and occurred in a broad region flanking the DSB breaks, approximately 
100 kb in total, reaching maximal levels by 60 min (Shroff et al., 2004). 
 
In this instance, the Single Cell Gel Electrophoresis assay, also known as comet assay, is 
a sensitive and well validated technique for the detection of DNA damage in eukaryotic 
cells. This procedure was first described by Ostling and Johanson (1984) and has been as 
a standard technique for evaluation of DNA damage, DNA repair, biomonitoring and 
genotoxicity testing. It involves embedding cells in a low-melting-point agarose 
suspension, lysis and electrophoresis of the suspended lysed cells in alkaline (pH>13) or 
neutral conditions to detect either single strand breaks (SSB) or detection of DSB 
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respectively. In healthy cells the fluorescence is confined to the nucleoid: undamaged 
DNA is supercoiled and thus does not migrate very far out of the nucleoid under the 
influence of an electric current. The presence of breaks in DNA causes a local relaxation 
in the supercoiled loops of DNA in the nucleoid, forming a comet ‘tail’ and the comet 
‘head’ upon the application of an electric current. The amount of DNA in the tail, relative 
to the head or the length of the comet ‘tail’ may be correlated with DNA damage, when 
using TBE as the electrophoresis buffer.  
 
4.2 Summary 
In this chapter, I will discuss what leads to an activation of the apoptotic pathway. 
Besides, the developmental defects that were described in somites, myotome boundaries, 
slow muscle fibers and midline structures, udutu24 embryos also displayed massive 
numbers of apoptotic cells throughout the embryos. My TUNEL observation is consistent 
with data presented previously (Hammerschmidt et al., 1996; Liu et al., 2007). Detailed 
analysis of the TUNEL staining sections were carried out and results showed that the 
increased activation of cellular apoptotic pathways concentrated in regions of 
developmental abnormalities. I found that elevated level of p53 and its downstream target 
genes cause apoptosis in udutu24 embryos and the knock-down of p53 via MO could 
significantly reduce the amount of TUNEL-positive cells and rescue somite defects. My 
FACS analysis showed that the loss of udu function resulted in defective cell cycle 
progression and comet assay indicated the presence of increased DNA damage in udutu24 
mutants. DSB DNA was detected by immunohistochemical labeling of γ-H2AX that is 
assumed to form one focus per DNA DSB (Rothkamm and Lobrich, 2003). 
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Immunohistochemical staining with PH-3 and BrdU, which label proliferating and 
replicating cells respectively, showed that udutu24 mutants displayed decreased number of 
PH-3-positive and BrdU-positive cells. Overall, my results showed that extensive 
apoptosis in udutu24 mutants involved the ATM-Chk2-p53 pathway and the activation of 
this pathway subsequently trigger the cell cycle checkpoints in response to DNA damage.  
 
4.3 Results 
4.31 Dramatic increase of apoptotic cells in udutu24 mutants 
The developing embryos were analyzed for apoptotic cells via TUNEL staining to 
investigate whether apoptotic cells concentrated in regions of developmental 
abnormalities. The zebrafish udutu24 embryos had an extensive amount of TUNEL-
positive cells throughout the whole embryo compared to wild-type embryo at 
approximately 22 hpf (Figure 4.1A and B). Detailed analysis of the TUNEL staining by 
sectioning revealed that massive apoptotic cells were found in the midbrain-hindbrain 
boundary, the lens and retina of the udutu24 mutant, while the otic placode remained 
relatively unaffected (Figure 4.1C to F). The tail regions of the mutants were also 
concentrated with apoptotic cells, corresponding to the observed somite defects described 
in Chapter 3 (Figure 4.1G and H). This analysis indicates the increased activation of 
cellular apoptotic pathways in regions of developmental abnormalities and suggests that 
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4.32 Elevated level of p53 mRNA transcript in udutu24 mutants 
 
In order to examine if the p53-dependent apoptotic pathway was activated in udutu24 
mutants, I examined p53 transcript levels in wild-type and udutu24 embryos and found an 
up-regulation of p53 level in udutu24 embryos. WISH showed that the developing brain, 
posterior trunk and tail bud regions of udutu24 embryos, displayed a high level of p53, 
when compared to wild-type embryos at approximately 22 hpf (Figure 4.2A and B). This 
elevated level of p53 transcript found in the mutants actually correlated with the massive 
TUNEL-positive cells found in the head, trunk and tail regions, shown in Figure 4.1. p53-
MO (Langheinrich et al., 2002) injection was performed to examine whether elevated 
level of p53 in udutu24 mutants cause apoptosis. My experimental data showed that the 
knockdown of p53 could significantly reduce the amount of TUNEL-positive cells and 
rescue somites defects in 65.9% (N=29/44) of the total injected mutants (Figure 4.2C to 
E). The somites’ chevron-shaped structures were restored in udutu24 mutants injected with 
p53-MO. It has been shown that p53, exists in multiple isoforms derived from either 
alternative splicing or products initiated by an alternative promoter (Benard et al. 2003; 
Melino et al. 2003; Bourdon et al. 2005). The rescue incompleteness may be due to the 
existence of p53 isoforms, derived from either alternative splicing or products initiated by 
an alternative promoter (Benard et al. 2003; Melino et al. 2003; Bourdon et al. 2005). 
Recently, it has been further shown that the p53 pathway functions during organogenesis. 
A loss of function mutation in def confers hypoplastic digestive organs and selectively 
up-regulates the expression of ∆113p53, counterpart to a newly identified isoform of p53 
produced by an alternative internal promoter in intron 4 of the p53 gene in human (Chen 
et al., 2005). In consistent with the recused phenotypes, p53 morphants displayed a 
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normal expression pattern of myoD and titin (Figure 4.3A to D), which stained the 
posterior-half of the formed somites and myotome boundary respectively. Thus, the 
formation of the bands of myoD-expressing cells continued to form in an anterior-to-
posterior manner and myotome boundaries were stained as V-shaped structures in udutu24 
mutants injected with p53-MO. Hence, inhibition of p53 translation could suppress 
apoptosis and rescue developmental defects in udutu24 mutants. 
 
4.33 p53 and its downstream target genes are up-regulated in udutu24 mutants 
To investigate whether genes involved in the p53 pathway were up- or down-regulated in 
udutu24 embryos, real-time PCR was performed to determine the expression levels of p53, 
mdm2, cyclin D1, p21WAF/CIP1, caspase 8, bax and genes of the gadd45 family. And elf1a 
was used as an endogenous control for this real-time PCR experiment. As shown in 
Figure 4.4A, p53 mRNA was obviously up-regulated in the mutants, which corresponded 
to elevated level of p53 shown previously via WISH in Figure 4.2B. The real-time PCR 
result indicated that the level of cyclin D1 was slightly down-regulated in udutu24 embryos, 
suggesting a defect in cell cycle at the G1 phase, while downstream targets of the p53 
pathway, including mdm2, p21WAF/CIP1, caspase 8 (pro-apoptotic factor) and particularly 
gadd45αl were up-regulated. The gene p21WAF/CIP1 encodes a cyclin-dependent kinase 
inhibitor that mediates DNA damage induced cell cycle arrest during G1/S and G2/M 
transition (Niculescu et al., 1998). GADD45 family genes, one of the downstream 
components of p53 has been shown to play an important role in cell cycle control and 
DNA repair (Fornace, 1992; Vairapandi et al., 1996; Wang et al., 1999; Mak and Kultz, 
2004). To confirm that gadd45αl was indeed up-regulated in udutu24 embryos, WISH for 
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gadd45αl was performed and udutu24 embryos showed a high expression level of 
gadd45αl in the tail regions (Figure 4.5A and B). In addition, elevated gadd45αl 
expression can no longer be detected in the tail regions of udutu24 embryos injected with 
p53-MO, with injected wild-type embryos as control (Figure 4.5C and D). gadd45β genes 
have been shown to be involved in somite segmentation in the anterior PSM (Kawahara 
et al., 2005). Both gadd45β genes are expressed as bilateral stripes in the PSM of wild-
type embryos but are absent or down-regulated in udutu24 embryos (Figure 4.5E to H). 
These data suggest that activation of p53 and its downstream target genes may contribute 
to udutu24 mutants’ phenotype of increased cellular apoptosis. 
 
4.34 Loss of udu function results in cell cycle defects 
With the up-regulation of p53 and activation of its response genes that are known to be 
involved in cell cycle progression and elicit apoptosis. FACS analyses of dissociated cells 
from whole body and tail region posterior to yolk extension of wild-type and udutu24 
embryos stained with propidium-iodide (PI) were carried out to analyze cell cycle 
progression. At approximately 22 hpf, udutu24 mutants displayed an accumulation of cells 
in G2/M phase and a significant reduction of cell numbers in the S phase. However, there 
was only a subtle reduction of cells in the G1 phase (Figure 4.6A to D). In contrast, 
dissociated cells from wild-type embryos contained more cells in the G1, S and G2/M 
phases. Summary analysis of these FACS experiments were represented in the histograms, 
with the tail region of udutu24 mutants showed the most dramatic decreased of cells in the 
S phase and an increased amounts of cells in the G2/M phase (Figure 4.6E and F).  
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To further verify the reduction of cell numbers in the S phase, BrdU incorporation was 
carried out. The number of BrdU-positive cells was indeed much more reduced in udutu24 
mutant tail region posterior to yolk extension (Figure 4.7A and B). PH-3 antibody was 
used to label proliferating cells in the mitotic phase of approximately 22 hpf embryos. 
Examination of the projection stacks of PH-3 staining showed that udutu24 embryos had 
fewer PH-3-positive cells in the eyes region, hindbrain (HB) area and tail regions 
compared to wild-type embryos (Figure 4.8A to F) as summarized in the histogram 
(Figure 4.8G). Thus udu mutation resulted in defective cell cycle progression, in which 
cells were prevented from proceeding to the S phase and the M phase. The accumulation 
of G2/M cells as demonstrated by FACS analysis and the reduction of PH-3-positive cells 
in udutu24 mutants indicated that the G2 checkpoint may be activated, thus cells were 
prevented from entering into the M phase of the cell cycle.  
 
4.35 Activation of ATM-Chk2 pathway in udutu24 mutants 
In view of these observations, I suspected that the DNA damage pathway, which 
functions upstream of p53, may be responsible for udutu24 mutants phenotypes. Real-time 
PCR was performed to determine the expression levels of atm, atr, chk1 and chk2. And 
elf1a was used as an endogenous control for this real-time PCR experiment. The real-
time PCR experimental results showed that the mRNA levels of atm and chk2 were 
significantly up-regulated in udutu24 mutants (Figure 4.9A), suggesting an activation of 
the ATM-Chk2 pathway. ATM is activated in response to DNA DSB, which stabilize 
p53 via phosphorylation at serine-15 (Shiloh, 2001; Shiloh, 2003). ATM-dependent 
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phosphorylation of Mdm2 also modulates the p53-Mdm2 interaction and hence 
contributes to DNA damage induced p53 stabilization (Khosravi et al., 1999).  
 
To elucidate whether the cellular phenotype of p53-dependent apoptosis in udutu24 
mutants relies on the DNA damage checkpoint, I have injected atm-MO and chk2-MO 
were injected into udutu24 mutants. atm-MO injected embryos showed severe 
developmental arrest (data not shown) as reported previously (Yamaguchi et al., 2008). 
Atm and Atm/Atr chemical inhibitors, KU55933 and CGK733 were used respectively to 
inhibit elevated Atm activity. The TUNEL assay showed that treatment with KU55933 
(62.5%, N=5/8) and CGK 733 (80%, N=8/10) could significantly reduce the number of 
apoptotic cells (Figure 4.10A to C). Moreover, posterior segmented somites were restored 
in 57.4% (N=27/47) of udutu24 mutants injected with chk2-MO compared to non-injected 
udutu24 mutants at 20 hpf (Figure 4.11A to C). The total numbers of apoptotic cells were 
also significantly reduced in chk2-MO-injected udutu24 mutants (Figure 4.11D to F). 
These data suggest an activation of the ATM-Chk2-p53 signaling pathway in udutu24 
mutants in response to DNA damage. 
 
4.36 udu mutation causes DNA DSB 
 
The neutral comet assay was used to analyze DNA DSB exclusively in dissociated cells 
from approximately 22 hpf wild-type and udutu24 embryos. The resulting images 
resembled a “comet” with a distinct head and tail. The head was composed of intact DNA, 
while the tail consists of DSB DNA. In wild-type embryos, the fluorescence was 
confined to the comet head, indicating undamaged DNA, while in udutu24 mutants, the 
presence DSB DNA was indicated by the comet tail (Figure 4.12A and C). These comet 
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assays were performed along with wild-type embryos that have been subjected to UV 
treatment as a positive control (Figure 4.12B). In this experiment, UV radiation was used 
as a damaging agent that can lead to DSB via propagation of clustered SSB that occur as 
closely spaced DNA lesions (Jenner et al., 2001; Rapp and Greulich, 2004). 
 
4.37 The induction of γ-H2AX after DNA damage 
 
Cells have developed sophisticated ways to repair DNA damage when cells were 
challenged to natural processes or by exposure to chemicals or ionizing radiation that 
could potentially challenged the genome integrity. Immediately after DSB induction, γ-
H2AX will be recruited to the damaged site within minutes after the induction of DSB 
(Rogakou et al., 1998; Paull et al., 2000). Immunohistochemical staining with γ-H2AX 
showed the presence of DNA DSB in udutu24 mutants before UV treatment (Figure 4.13A 
and B). DNA DSB induced by UV irradiation was detected in fixed zebrafish embryos 
against γ-H2AX after 1 h post-irradiation (Figure 4.13C and D). The γ-H2AX foci were 
dispersed throughout the trunk and tail regions of wild-type and udutu24 embryos. Figure 
4.14 showed the co-localization of γ-H2AX with DAPI (Figure 4.14A to D), thus 
illustrating that activated H2AX was primarily found in the nucleus of zebrafish embryos. 
Upon UV treatment, the intensity of γ-H2AX foci were increased dramatically in both 
wild-type and udutu24 embryos, thereby suggesting that udutu24 mutants were able to 
response to DNA damage by recruiting DNA repair proteins via γ-H2AX. The level of 
DNA damage after 5 h post-UV irradiation was similar in both wild-type and udutu24 
embryos (Figure 4.13E and F). Rapp and Greulich reported that the repair of DNA DSB 
take a longer time compared to DNA SSB and it will take 24 h post-irradiation until the 
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level of damaged DNA DSB is reduced (Rapp and Greulich, 2004). In view of this earlier 
reported data, I proceeded to quantify whether the amount of γ-H2AX foci in wild-type 
and udutu24 embryos have decreased after 24 h and 31 h post-UV irradiation. My 
experimental results showed that the numbers of cells with γ-H2AX signals were 
significantly reduced in the truck and tail regions of wild-type and udutu24 embryos after 
24 h and 31 h post-irradiation (Figure 4.13G to J). Notably, these results confirm the 
presence of DSB DNA and demonstrate that DNA repair proteins are still being recruited 
to the DNA damaged site.  
 
4.4 Discussion 
Although apoptosis involving the p53 pathway has been described in udutu24 and udusq1 
mutants (Hammerschmidt et al., 1996; Liu et al., 2007), cellular events leading to an up-
regulation of p53 activity were not investigated. In this chapter, my results have 
demonstrated that udutu24 embryos’ apoptosis is p53-dependent and have established a 
major role of the activation of ATM-Chk2 signaling pathway in response to DNA 
damage as summarized in Figure 4.15. My data showed that DNA DSB exist in udutu24 
mutants and cells were able to response appropiately to the damaged DNA by inducing 
cell-cycle checkpoints, DNA repair and activating programmed cell death. Consistently, 
defects of udutu24 mutants correlated to areas of cellular apoptosis, such as the developing 
brain, along the trunk and tail regions. Injection of a p53-specific MO, which has been 
shown to effectively knockdown this protein and interrupt p53-dependent pathway 
(Langheinrich et al., 2002), completely abrogated udutu24 mutants apoptotic phenotype 
and rescued its developmental abnormalities. The Mdm2 protein is a key regulator for 
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both p53 nuclear localization and stability by actively participating in the nuclear export 
and degradation of p53 (Lane and Hall, 1997; Boyd et al., 2000; Geyer et al., 2000). 
Surprisingly, the up-regulated mdm2 mRNA shown in the real-time PCR is not sufficient 
to reverse the effects of activated p53. My observations indicate that the ATM-Chk2 
pathway was activated that resulted in p53 stabilization and udutu24 mutants cellular 
phenotype of p53-dependent apoptosis. Consistently, the injection of chk2-MO 
(Yamaguchi et al., 2008) could restore indistinctive somite back to V-shaped segmented 
structures and reduced the amount of apoptotic cells in udutu24 embryos. ATM 
phosphorylates p53 on serine-15 and Mdm2 on serine-395, and Chk2 phosphorylates p53 
on serine-20 (Chehab et al., 1999; Maya et al., 2001; Shiloh et al., 2001). These 
phosphorylation modifications prevent p53-Mdm2 association that targets p53 for 
proteolysis. The activation of p53 pathway in udutu24 mutants resulted in cell cycle arrest 
and apoptosis to eliminate damaged cells. My findings demonstrate that the cell cycle 
was halted at G1, as shown by the transcriptional up-regulation of p21WAF/CIP1 and down-
regulation of cyclin D1. FACS analysis and BrdU incorporation further proved that cells 
in udutu24 embryos were prevented from proceeding to the S phase. Another consequence 
of activated p53 in udutu24 mutants included activation of G2 checkpoint. Previously, it 
has been shown that p53 plays a critical role in the maintenance of G2 checkpoint and in 
the prevention of premature entrance into mitosis after DNA damage (Bunz et al., 1998). 
Activation of the G2 checkpoint in udutu24 mutants was demonstrated in FACS assay, 
reduced numbers of PH3-positive cells and elevated level of gadd45αl detected by real-
time PCR and WISH. Elevated level of gadd45αl has been shown to play an important 
role in cell cycle control and DNA repair (Fornace, 1992; Vairapandi et al., 1996; Wang 
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et al., 1999; Mak and Kultz, 2004; Nurse, 1990). Taken together, my results showed that 
the loss of udu function activates p53, which subsequently activate the cell cycle 
checkpoints; triggering G1 to S phase arrest and G2 checkpoint and these prevented cells 
from replication and mitosis. In conclusion, the loss of udu function has great impact on 
cell cycle progression during development. 
 
Importantly, I have provided the evidence that udu mutation does result in DNA DSB 
which potentially activates ATM in response to DNA damage, as demonstrated in my 
comet assay. Cellular strategies for coping with DNA damage included repair or removal 
of damaged cells from the population by death represent another mechanism by which 
the ATM-Chk2-p53 pathway facilitates to maintain genomic integrity. In this case, 
udutu24 mutants were able to response to DNA damage via the phosphorylation of γ-
H2AX to participate in DNA repair. Although DNA repair exists in udutu24 mutants, my 
results showed that majority of the cells were prevented from normal cell cycle 
progression and eventually damaged cells were eliminated via apoptosis. Overall, my 
experimental results from γ-H2AX staining have showed that cellular process involving 
DNA repair is functioning in udutu24 mutants and Udu is unlikely to be required for DNA 
repair. 
 
In response to the somite defects described in the previous chapter, the cell cycle profile 
of udutu24 mutants may further support the notion that mitosis is a source of noise for the 
segmentation clock (Horikawa et al., 2006; Zhang et al., 2008). FACS assay and PH-3 
immunohistochemical staining showed that udutu24 mutants have less mitotic cells and the 
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reduction of mitotic cells could actually reduce the noise for the segmentation clock. My 
observation is in agreement with the hypothesis proposed by Horikawa and co-workers, 
in which the segmentation clock regulating somitogenesis functions normally in the 
absence of cell cycle progression, particularly in a low mitosis background in udutu24 
mutants.  
 
My findings have raised a number of interesting questions on what actually caused DNA 
damage in udutu24 mutants and one possibility is that udu mutation activates the DNA 
damage response upon the encounter of defects during DNA replication. Previous studies 
have shown that Udu protein played a critical role in regulating primitive erythroid 
lineage cell cycle progression and differentiation in a p53-dependent manner in udusql 
mutants (Liu et al., 2007), however, Udu’s roles in other cellular processes remain 
unknown. In the next chapter, I will further investigate the functional role of Udu by 
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Figure 4.1 TUNEL assays of whole-mount wild-type and udutu24 embryos. (A-B) Massive 
amount of apoptotic cells were found throughout udutu24 embryos at approximately 22 hpf. (C-H) 
Examination of sections of TUNEL staining in lateral view and anterior was to the left as otherwise stated. 
Apoptosis occurred in the midbrain-hindbrain, eyes and tail regions of udutu24 embryos. (C-D) The 
midbrain-hindbrain region. Areas marked by asterisks denote the otic placode. (E-F) The lens and retina of 
udutu24 mutants displayed more TUNEL-positive cells compared to wild-type embryos. Eyes were removed 
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Figure 4.2 Elevated p53 mRNA transcript in udutu24 mutants. (A-B) WISH of p53 in the 
zebrafish embryos at approximately 22 hpf. The tail region of udutu24 embryos, indicated by arrowheads, 
displayed a higher level of p53 mRNA compared to wild-type embryos. udutu24 mutants’ apoptosis 
phenotype and developmental defects were rescued in p53 morphants. (C-D) Morphological phenotype of 
non-injected and injected udutu24 mutants. Total number of injected homozygous udutu24 embryos is 44. The 
loss of p53 was able to rescue ~65.9% of the total injected homozygous udutu24 embryos (N = 29/44). (E) 
TUNEL staining of udutu24 embryos injected with 1.77 pmol p53-MO. All embryos were showed in anterior 



























Figure 4.3 Somite defects are rescued in p53 morphants. (A-B) WISH of myoD at approximately 
18 hfp in dorsal view. Note the sharp myoD striped pattern in the somites of injected embryos, while the 
expression of myoD in non-injected embryos remained blurred. (C-D) Myotome boundaries of udutu24 
embryos can be rescued with p53-MO injection as shown by titin at approximately 25 hpf. All embryos 
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Figure 4.4 p53 and its downstream target genes are up-regulated in udutu24 mutants. (A) Real-
time PCR of relative mRNA levels of approximately 22 hpf wild-type and udutu24 embryos. elf1a is the 
endogenous control for the experiment. The graph is depicted as average ± standard deviation format from 
two independent duplicated experiments. Homozygous udutu24 embryos had elevated levels of p53, mdm2, 
p21WAF/CIP1, caspase 8, bax, gadd45αl, gadd45β1 and gadd45β2 and slightly reduced level of cyclin D1 














Figure 4.5 WISH of Growth Arrest and DNA Damage family genes. (A-B) WISH of gadd45αl. 
udutu24 embryos showed an elevated level of gadd45αl along the tail region. (C-D) WISH of gadd45αl in 
embryos injected with 1.77 pmol of p53-MO. gadd45αl expression was no longer detected in tail regions of 
udutu24 embryos injected with p53-MO, which was similar to injected wild-type embryos as a control. (E-H) 
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Figure 4.6 Loss of udu function resulted in aberrant cell cycle. (A-D) Cell cycle analysis of 
dissociated cells at approximately 22 hpf from wild-type and udutu24 embryos as measured by FACS 
analysis of PI-labeled cells. (A-B) Dissociated cells from whole wild-type and udutu24 embryos (C-D) 
Dissociated cells from wild-type and udutu24 embryos’ tail region posterior to yolk extension. (E-F) Bar 
graphs summarizing experimental data from FACS analyses after PI staining of dissociated cells. (E) 
Whole embryos and the graph is depicted as standard deviation ± standard error format from two 
independent duplicated experiments. (F) Tail region posterior to yolk extension. udutu24 embryos contained 
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Figure 4.7  Loss of udu function leads to a reduction of replicating cells. (A-B) Projection of the 
lateral stacks of S phase cells labeled with BrdU at approximately 22 hpf. Shown images were tail region 
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Figure 4.8  udu mutation resulted in reduced number of proliferating cells. (A-F) Examination 
of sections from embryos stained with PH-3 antibody. (A and D) Eyes region; lateral view and anterior 
upwards. (B and E) Hindbrain regions. (C and F) Tail regions posterior to yolk sac extension (G) The total 
numbers of PH3-positive in different regions were summarized in bar graph and expressed in standard 
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Figure 4.9 Activation of ATM-Chk2 pathway in udutu24 mutants. (A) Real-time PCR of atm, atr, 
chk1 and chk2 mRNA levels. The graph is depicted as standard deviation ± standard error format from two 
independent duplicated experiments. The transcript level of atm and chk2 were significantly up-regulated in 






























Figure 4.10 Apoptosis in udutu24 mutants depend on ATM. (A-C) TUNEL staining udutu24 embryos 
treated with (A) DMSO, (B) 15 μM KU55933 and (C) 200 μM CGK733 at 26 hpf. The number of TUNEL-
positive cells are significantly reduced in embryos treated with KU55933 (62.5%, N=5/8) and CGK733 























Figure 4.11 udutu24 mutants’ somite and apoptosis phenotypes are rescued in chk2 morphants. 
(A-C) Phenotypes of chk2 morphants embryos at approximately 20 hpf. Embryos were in lateral view with 
anterior to the left. (C) 2.08 pmol of chk2-MO was injected into udutu24 embryos and the V-shaped somites 
structures were restored in the morphants compared to (B) non-injected udutu24 embryos. (D-F) TUNEL 
staining of embryos at approximately 20 hpf. Embryos in lateral view with anterior to the top. (F) The 
number of TUNEL-positive cells was significantly reduced in udutu24 embryos injected with chk2-MO 
compared to (E) non-injected udutu24 embryos. (A and D) Wild-type embryos as the positive control for 



































Figure 4.12 udu mutation causes DNA DSB. (A-C) Neutral single-cell electrophoresis or ‘comet 
assay’ of (A) untreated wild-type cells, (B) wild-type cells isolated from embryos which have been 
irradiated with UV for 1 h and (C) cells isolated from untreated udutu24 embryos. The head is composed of 
















  104 
 
  105 
Figure 4.13 The induction of γ-H2AX after UV irradiation. (A-B) Immunohistochemical staining 
of γ-H2AX of non-irradiated embryos at approximately 22 hpf. (A) γ-H2AX foci in wild-type embryos. (B) 
γ-H2AX foci in udutu24 embryos. (C-J) Wild-type and udutu24 embryos were irradiated with 15 min of UV 
and stained with γ-H2AX at different time after irradiation. (C-D) γ-H2AX staining after 1 h post-UV 
treatment. Both UV-treated embryos showed an increased γ-H2AX foci. Hence, in the presence of extrinsic 
DNA damage agents, udutu24 mutants were able to response according by recruiting DNA repair proteins 
via the activation of γ-H2AX. (E-F) γ-H2AX staining of embryos 5 h post-UV irradiation. The extent of 
DNA repair after 5 h were similar in both wild-type and udutu24 embryos. (G-J) The number of cells with γ-
H2AX signals were significantly reduced in the truck and tail regions of wild-type and udutu24 embryos 
after 24 h and 31 h post-UV irradiation. This result demonstrate that γ-H2AX signals were maintained by 
the cells until all repair factor are loaded onto the DSB site in both wild-type and udutu24embryos. All 
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Figure 4.14 Co-localization of γ-H2AX with DAPI. Upon the activation of H2AX, it was primarily 
localized in the nucleus of zebrafish embryos as indicated by DAPI staining. (A-B) wild-type embryos. (C-









































Figure 4.15 Model for the activation of ATM-Chk2-p53 pathway in udutu24 mutants. ATM 
phosphorylates p53 on serine-15 and Mdm2 on serine-395; Chk2 phosphorylates p53 on serine-20 in 
human. These phosphorylation modifications prevent p53-Mdm2 association that targets p53 for 
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CHAPTER 5 
PAH-L and SANT-L domains are essential for DNA replication 
 
5.1       Background 
Positional cloning revealed that Udu protein encodes a novel nuclear factor containing 
several conserved regions (CR 1, 2 and 3), which do not share similarity with any known 
domains. Other domains of Udu protein include two PAH-L repeats and SANT-L 
domains, which have been shown to be essential for primitive erythroid cell development 
(Liu et al., 2007). The PAH-L domain, first identified in yeast as SIN3 (Wang et al., 
1990), has been shown to mediate protein-protein interaction by interacting with various 
DNA binding proteins (Spronk et al., 2000; Silverstein and Ekwall, 2005). While, the 
SANT domain is a highly conserved motif that is similar to myb DNA binding domains 
(Aasland et al., 1996), which has been shown to play an essential role in regulating 
chromatin accessibility (Boyer et al., 2002; Boyer et al., 2004). Thus in this case, the 
PAH-L repeats may form complexes with interacting partners and the SANT-L domain 
of Udu protein could function as a chromatin-remodeling molecule involved in gene 
regulation. The genetic material in eukaryotes is organized into a complex structure 
known as chromatin. Important cellular processes such as transcription, replication and 
DNA repair require unraveling of this tightly packed chromatin structure, hence taken 
into consideration of the essential role of SANT-L domain in regulating chromatin 
accessibility. The PAH-L repeats together with the SANT-L domain of Udu protein may 
have a great implicating role as chromatin remodeling molecule.  
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Duplication of chromosomal DNA occurs in two steps: the formation of a pre-RC at the 
origin of replication (Diffley et al., 1994), followed by the synthesis of new daughter 
strands (Mendez and Stillman, 2003). The prerequisite for DNA replication require the 
unwinding of DNA double helix by Mcm proteins. Mcm proteins exist pre-dominantly as 
heterohexameric complexes of approximately 600 kDa and have been demonstrated to 
play an essential role in initiation and elongation during DNA replication (Tye, 1999; 
Labib et al., 2000; Pacek and Walter, 2004; Shechter et al., 2004; Forsburg, 2004; Fujita 
et al., 1997; Kubota et al., 1997). The loss of MCM function has been implicated in DNA 
damage and genome instability (Bailis and Forsburg, 2004). Thus, it is plausible that 
chromatin remodeling may play important roles to facilitate the many steps of replication 
process. Several recent studies have also directly implicated chromatin remodeling 
activities in DNA repair (Downs et al., 2004; Morrison et al., 2004; van Attikum et al., 
2004). These studies showed that the ATP-dependent INO80 chromatin remodeling 
complex was recruited to sites of DNA DSB, and such recruitment required interaction 
with γ-H2AX. In this instance, the chromatin remodeling complex might affect DNA 
repair by providing the repair machinery with an exposed or open chromatin environment 
that might facilitate the recruitment of DNA repair proteins (Morrison and Shen, 2005; 
Morrison and Shen, 2006; Wong et al., 2006).  
 
5.2 Summary 
Based on information provide by previous studies, the PAH-L and SANT-L domains of 
Udu protein may play a plausible role in regulating cellular processes that involve 
alternation of chromatin structure. Y2H screen was performed by Hybrigenics to identify 
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Udu interacting partners. The cDNA library of the screen was derived from 18 hpf to 20 
hpf zebrafish embryos. With PAH-L and SANT-L domains together as bait, Mcm3 and 
Mcm4 were found to be interesting proteins identified from the Y2H screen. The co-
immunoprecipitation data indicated that PAH-L and SANT-L domains interacted with 
Mcm3 and Mcm4. DNA replication impairment proven by a reduction of BrdU-
incorporated cells in udutu24 mutants supported the notion that PAH-L and SANT-L 
domains were essential for interaction with Mcm proteins. Immunofluoresence staining 
of COS7 cells transfected with PAH-L repeats and SANT-L domain, together with HP1β 
(also called CBX1), a marker for pericentromeric heterochromatin (Wreggett et al., 1994), 
showed that these domains of Udu protein were localized in the replicating 
heterochromatin. Taken together, these data suggest a possible role of Udu in protecting 
the integrity of the genome and the loss of Udu function, particularly PAH-L and SANT-
L domains can contribute to DNA damage, leading to the activation of DNA damage 
pathway and subsequently, cell cycle arrest and apoptosis. 
 
5.3 Results 
5.31 Udu counterparts in human and mouse 
 
Positional cloning revealed that Udu protein encoded a novel nuclear factor of 2055 
amino acids and recent blast searches in database revealed that the Udu protein had the 
highest protein sequence homology to the human GON4L isoform a and mouse GON4L 
as shown in Figure 5.1 (Kuryshev et al., 2006; Liu et al., 2007). Expression of human 
GON4L is controlled by an alternative termination of transcription in intron 21, resulting 
in the production of two isoforms. Domain analysis of all Udu homologs were carried out 
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using SMART (Simple Modular Architecture Research Tool) and the analyzed data 
showed that the truncated version, human GON4L isoform b does not contain the PAH-L 
and the SANT-L domains. A phylogenetic tree was created using the EBI ClustalW2 
(The Eurpoean Bioinformatics Institute) software and the evolutionary relationships of 
zebrafish Udu, human GON4L isoforms a, b and mouse GON4L were calculated based 
on percentage identity (Figure 5.2). The first three conserved regions; CR-1, CR-2 and 
CR-3 share no obvious similarity to any of the known domains, and are located at amino 
acids position 179 to 293; position 384 to 494 and position 1386 to 1455 respectively. 
Other domains of Udu protein included the PAH-L repeats located at amino acids 
position 1538 to 1740 and the SANT-L domains located at amino acids position 1947 to 
2039 (Liu et al., 2007). 
 
5.32 Udu is predominantly localized in the nucleus 
In consistent to the previous published data, Udu was predominantly localized in the 
nucleus (Figure 5.3A to C). Considering the importance role that PAH-L and SANT-L 
domains may play during gene regulation, I have proceeded to investigate the localization 
of PAH-L, SANT-L and PAH-L + SANT-L domains in COS7 cells transfected with 
these domains. Immunofluoresence assay showed that PAH-L and SANT-L domains 
were mostly localized in the nuclei and in COS7 cells transfected with PAH-L + SANT-L 
domain, nuclei localization were intensified (Figure 5.3D to F). These localization data 
showed that the PAH-L and SANT-L domains of Udu were primarily localized in the 
nucleus, which strongly supports the role of Udu as a chromatin-remodeling molecule 
involved in gene regulation as proposed by Liu and co-workers (Liu et al., 2007). 
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5.33 PAH-L and SANT-L domains may be essential for DNA replication 
Udu protein containing both PAH-L and SANT-L domains could function as a 
chromatin-remodeling molecule involve in gene regulation and it has been shown to 
reside in the nucleus. Replication of DNA follows a dynamic order in the mammalian cell 
nucleus, with specific regions of DNA replicating at defined times during the S phase 
(O’Keefe et al., 1992). Heterochromatin is more tightly compacted than euchromatin that 
renders it less accessible to protein machines that regulate gene regulation (Karpen et al., 
1988; Shaffer et al., 1993; Wallrath, 1998; Taddei et al., 2001; Bernard and Allshire, 
2002). As S phase progress, the replication of euchromatin subsides as replication of 
heterochromatin containing “inactive” DNA increases during the late S phase (O’Keefe 
et al., 1992). It has been documented that several cancer types are amplified at human 
chromosome 1q22, where human GON4L is located (Marchio et al., 1997; Wong et al., 
1999; Cheng et al., 2004; Knuutila, 2004; Kuryshev et al., 2006). This suggests that 
dosage imbalances of one or more genes in this locus may contribute to the cancer 
development. Hence, considering the potential importance of PAH-L and SANT-L 
domains, one would guess that Udu would be tightly regulated to control gene expression 
and whether Udu is localized in the replicating pericentromeric heterochromatin. COS7 
cells were transfected with Udu full length and PAH-L+SANT-L domains together with 
HP1β, a marker for pericentromeric heterochromatin (Wreggett et al., 1994). In COS7 
cells transfected with PAH-L+SANT-L domains showed pronounced foci that co-
localized with HP1β foci. This data provided an association of Udu and PAH-L+SANT-L 
domains with the pericentromeric heterochromatin (Figure 5.4A to H). This association 
strongly supports the function of the PAH domains of SIN3 in the maintenance of 
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heterchromatin, which is known to play an important role in maintaining genome 
integrity (David et al., 2003) and the SANT-L domain as an essential role in regulating 
chromatin accessibility (Boyer et al., 2002; Boyer et al., 2004). 
 
To understand the restriction of pericentromeric heterochromatin localization of PAH-
L+SANT-L during the S phase, I analysed these domains localization pattern through the 
replication phase in synchronized COS7 cells. To demarcate cells passing through the S 
phase, BrdU was incorporated into newly synthesized DNA and visualized with anti-
BrdU antibodies. The pattern of incorporation of BrdU indicates which cells are 
undergoing DNA replication and identifies the stage of S phase (Fox et al., 1991; 
O’Keefe et al., 1992). COS7 cells were synchronized at the G1-S border with DNA-
polymerase inhibitor, aphidicolin. Figure 5.5 showed the efficiency of the 
synchronization of COS7 cells with aphidicolin and in contrast to unsynchronized cell 
population, cells were distributed in different phases of the cell cycle. After released from 
the aphidicolin block, BrdU was incorporated into the synchronized cells and fixed at 
different time points and co-immunostained with antibodies against BrdU and FLAG-
tagged PAH-L and SANT-L. During the early S phase, BrdU incorporation was seen in 
granular pattern throughout the nucleus (Figure 5.6A to D). Five hours after released into 
S phase, cells exhibited large foci of BrdU incorporation that co-localized with PAH-L 
and SANT-L domains at the periphery of the nucleus during the late S phase (Figure 5.6E 
to H). These data document a dynamic relationship between the replication of the 
pericentromeric heterochromatin and PAH-L+SANT-L accumulation at the structures in 
S phase.  
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5.34 Interaction of PAH-L+ SANT-L domains with Mcm3 and Mcm4 
 
Having demonstrated the dynamic association between PAH-L+SANT-L and 
pericentromeric heterochromatin, the results obtained strongly suggest that the PAH-L 
and SANT-L domains may function to maintain the integrity of genes and to control the 
activities of the cell by regulating gene regulation in the nucleus. To further demonstrate 
the function of Udu, Y2H screen was carried out to identify Udu interacting partners in 
cDNA library made from 18 hpf to 20 hpf zebrafish embryos. With PAH-L and SANT-L 
domains together as bait, Mcm3 and Mcm4 were found to be interesting proteins isolated 
from the Y2H screen. Co-immunoprecipitation assay was performed to examine whether 
both Mcm3 and Mcm4 interact with PAH-L and SANT-L domains. FLAG-tagged 
proteins (PAH-L+SANT-L) were immunoprecipitated from the cell lysates and detected 
with anti-FLAG antibody as a control and with anti-MYC antibody to detect the 
interacting proteins. The results indicate that there were interactions between Mcm3 and 
Mcm4 with PAH-L and SANT-L domains of Udu shown in lanes 4 and 5 respectively 
(Figure 5.7A). Hence the lacked of PAH-L+SANT-L domains in udutu24 mutants may 




Overall, my results have established a major role for ATM-Chk2-p53-mediated apoptotic 
pathway in the developmental defects observed in udutu24 mutants. The usage of p53-MO, 
chk2-MO and ATM specific kinase inhibitors (Langheinrich et al, 2002; Yamaguchi et al., 
2008) could restore indistinctive posterior somites back to V-shaped segmented structures 
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and reduced the amount of apoptotic cells in udutu24 embryos. Following DNA damage 
and other types of cellular stresses, p53 could regulate key processes by activating genes 
encoding DNA repair enzymes, cell cycle inhibitor or induce cells to undergo apoptosis 
(Lane, 1992; Ljungman, 2000). My findings demonstrated that the cell cycle in udutu24 
mutants was halted at G1, which function to prevent cells from proceeding to the S phase, 
indicated by FACS analysis and BrdU incorporation. Several lines of evidence have also 
suggested that the G2 checkpoint was activated in udutu24 mutants. The elevated level of 
gadd45αl can associate with p21WAF/CIP1 to inhibit G1 to S phase transition and also 
promote dissociation of the Cdc2/cyclin B1 complex, thereby inducing a G2/M arrest 
(Fornace, 1992; Vairapandi et al., 1996; Wang et al., 1999; Mak and Kultz, 2004). Earlier 
evidence has suggested the possible involvement of GON4L, the homologue of Udu in 
cell cycle control (Friedman et al., 2000). In consistent with GON4L expected function as 
a transcriptional factor, all the orthologs of the GON4L gene encode SANT or Myb-like 
DNA binding domain, except the truncated version of human isoform b (Aasland et al., 
1996). In summary, all results have implied that the loss of udu function causes aberrant 
cell cycle progression, which potentially activates ATM-Chk2-p53 signaling pathway in 
response to DNA DSB detected by the comet assay. 
 
Given the established role for PAH-L and SANT-L during gene regulation (Spronk et al., 
2000; Boyer et al., 2002; Boyer et al., 2004; Silverstein and Ekwall, 2005), it makes one 
wonder how the loss of PAH-L and SANT-L domains might influence replication and 
DNA repair systems. In this Chapter, I have demonstrated the possible reasons for the 
activation of the ATM-Chk2-p53 signaling pathway in udutu24 mutants. Experimental 
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results from γ-H2AX staining showed that DNA repair and, therefore, most of its 
corresponding genes were largely unaffected in udutu24 mutants and as repair proteins 
were still being recruited to the DNA damage sites. The association between the 
replication of the pericentromeric heterochromatin with Udu and PAH-L+SANT-L 
domains accumulation at the structures in S phase pose a challenge to gene regulation. 
Genetic, cytological and molecular studies conducted primarily in Drosophila 
melangaster have shown that heterochromatin contains genes essential for viability and 
fertility, ranging from signal transducer, ubiquitin protein ligase for zinc ion binding to 
transcriptional activator for sister chromatid cohesion (Corrandini et al., 2007). The 
existence of PAH-L and SANT-L domains in the heterochromatin indicates that these 
domains may provide a dynamic change of chromatin structure (chromatin remodeling) 
for the function and regulation of gene expression in the heterochromatin. In this instance, 
the absence of PAH-L and SANT-L domains in udutu24 mutants does not affect the DNA 
repair mechanism in udutu24 mutants, hence, implying that the PAH-L and SANT-L 
domains of Udu may not be essential for the DNA repair process. However, the absence 
of these domains has a great impact on genome integrity as expression of 
heterochromatin genes must be tightly regulated.  
 
Furthermore, co-immunoprecipitation data have established the interaction between 
PAH-L and SANT-L domains of Udu with Mcm3 and Mcm4. This experimental result 
coincides with the data presented in Figure 4.7, where udu mutation caused a marked 
decrease in the number of cells that incorporated BrdU in zebrafish embryos. 
Examination of dissociated cells form zebrafish embryos by flow cytometry showed that 
  117 
fewer cells were in the S phase. Thus, it can be concluded that in udutu24 mutants, lacking 
PAH-L and SANT-L domains lead to impaired DNA replication. MCM proteins are 
known to play an essential role in initiation and elongation during DNA replication. 
Experimental results showed that PAH-L and SANT-L domains associate with Mcm 
proteins, suggesting that these domains may be necessary during replication, although the 
precise mechanism is unknown. In my speculation, the association of PAH-L and SANT-
L domains with Mcm proteins may provide additional factors or activation steps on 
structural modification of Mcm proteins in the unwinding of DNA at replication origins. 
Taken together, these findings lead us to hypothesize the possible role of Udu in 
maintaining or protecting the genome integrity, as the loss of udu function leads to an 
activation of the DNA damage response pathway, which potentially eliminates damaged 
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human_GON4L_isoform_a      MLPCKKRRTTVTESLQHKGNQEENNVDLESAVKPESDQVKDLSSVSLSWD 50 
human_GON4L_isoform_b      MLPCKKRRTTVTESLQHKGNQEENNVDLESAVKPESDQVKDLSSVSLSWD 50 
zebrafish_Udu              -MGWKRK---------------------SSSPEPQPNLVKLPKRESLSRS 28 
mouse_GON4L                MLPCKKRRLSVTESSQQQDDQEGDDLDLEAAVKPDTDQLPDSASESLSWG 50 
                            :  *::                     .:: :*:.: :      *** . 
 
human_GON4L_isoform_a      PSHGRVAGFEVQSLQDAGNQLGMEDTSLSSGMLTQNTNVPILEGVDVAIS 100 
human_GON4L_isoform_b      PSHGRVAGFEVQSLQDAGNQLGMEDTSLSSGMLTQNTNVPILEGVDVAIS 100 
zebrafish_Udu              PSS--------------------------------------WKRKASTPS 40 
mouse_GON4L                QSQDSAVCPEGLSMQDGDDQLRAEGLSLNSKMLAQHVNLAVLEAVDVAVS 100 
                            *                                        :    : * 
 
human_GON4L_isoform_a      QGITLPSLESFHPLNIHIGKGKLHATGSKRGKKMTLRPGPVTQEDRCDHL 150 
human_GON4L_isoform_b      QGITLPSLESFHPLNIHIGKGKLHATGSKRGKKMTLRPGPVTQEDRCDHL 150 
zebrafish_Udu              KTKSWTSIQSLS-------------------------------------- 52 
mouse_GON4L                QEIPLPSLESSHSLPVRVDKGRLQVSASKKGKRVVFTPGQVTREDRGDHP 150 
                           :  . .*::*                                         
 
human_GON4L_isoform_a      TLKEPFSGEPSEEVKEEGGKPQMNSEGEIPSLPSGSQSAKPVSQPRKSTQ 200 
human_GON4L_isoform_b      TLKEPFSGEPSEEVKEEGGKPQMNSEGEIPSLPSGSQSAKPVSQPRKSTQ 200 
zebrafish_Udu              ---------PDRHVDQCNGQEKMSSAGHVEDDSDCIQSSTPVSSPLRSEE 93 
mouse_GON4L                VPEEPPSGEPAEEAKTEGGELELRSDGEVPLLSSSSQSAKPGAQPRKSVQ 200 
                                    * ....  .*: :: * *.:   ..  **:.* :.* :* : 
 
human_GON4L_isoform_a      PDVCASPQEKPLRTLFHQPEEEIEDGGLFIPMEEQDNEESEKRRKKKKGT 250 
human_GON4L_isoform_b      PDVCASPQEKPLRTLFHQPEEEIEDGGLFIPMEEQDNEESEKRRKKKKGT 250 
zebrafish_Udu              -DAELGLVITVDEDRCEGEEWLKKRNGVNIKKNGINQTEGEIPQKEDGDV 142 
mouse_GON4L                PDGSAFPQDKPLGPLVRQAEEEMEDGGLFIPTE-QDSEESDKKKKTKKGT 249 
                            *       .      .  *   : .*: *  :  :. *.:  :* . .. 
 
human_GON4L_isoform_a      KRKRDGRG-QEGTLAYDLKLDDMLDRTLEDGAKQHNLTAVNVRNILHEVI 299 
human_GON4L_isoform_b      KRKRDGRG-QEGTLAYDLKLDDMLDRTLEDGAKQHNLTAVNVRNILHEVI 299 
zebrafish_Udu              EKTMEQLS-EEDENEEELR---KLDRDLTLKSKKLNLSSINVRNIIHEVV 188 
mouse_GON4L                KRKRDGKGPEQGTMVYDPKLDDMLDRTLEDGAKQHNLTAVNVRNILHEVI 299 
                           ::. :  . ::.    : :    *** *   :*: **:::*****:***: 
 
human_GON4L_isoform_a      TNEHVVAMMKAAISETEDMPMFEPKMTRSKLKEVVEKGVVIPTWNISPIK 349 
human_GON4L_isoform_b      TNEHVVAMMKAAISETEDMPMFEPKMTRSKLKEVVEKGVVIPTWNISPIK 349 
zebrafish_Udu              TNEHVVAMMKAAIKETQDMPMFEPKMTRSKLKEAVEKGVGMGNWNISPIK 238 
mouse_GON4L                TNEHVVAMMKAAISEREDMPLFEPKMSRSKQKKVVEKGVQPPQFVDIHLE 349 
                           *************.* :***:*****:*** *:.*****    :    :: 
 
human_GON4L_isoform_a      KANEIKPPQFVDIHLEED-DSSDEEYQPDDEEEDETAEESLLESDVESTA 398 
human_GON4L_isoform_b      KANEIKPPQFVDIHLEED-DSSDEEYQPDDEEEDETAEESLLESDVESTA 398 
zebrafish_Udu              KANDIKPPQFVDIPLQEEEDSSDEEYCPDEDEEDETAEETFLESDVESTS 288 
mouse_GON4L                RR-LLRRVFARGRGGDSRELIGKCKHCFVSTGSEEIQTAAVFSGRDRGEW 398 
                           :   ::     .   :.    .. ::   .  .:*    :.:..  ..   
 
human_GON4L_isoform_a      SSPRGAKKSRLRQSSEMTETDEESGILSEAEKVTTPAIRHISAEVVPMGP 448 
human_GON4L_isoform_b      SSPRGAKKSRLRQSSEMTETDEESGILSEAEKVTTPAIRHISAEVVPMGP 448 
zebrafish_Udu              SSPRGIRRFPSQTPPHCDDASN-------SPRLKPRLARHLRVEAVPMGP 331 
mouse_GON4L                HVVRGKSRHPCPQAHQCGRAHG-----ASTSSQTKAEQRQCFHGEARCGG 443 
                              **  :     . .   :         :   .    *:     .  *  
 
human_GON4L_isoform_a      PPPPKP------KQTRDSTFMEKLHAVDEELASSPVCMDSFQPMD----- 487 
human_GON4L_isoform_b      PPPPKP------KQTRDSTFMEKLHAVDEELASSPVCMDSFQPMD----- 487 
zebrafish_Udu              PAPPPQSCGLSRSLKTLDPFIEKLHAVDKELELSPLCMEPYQALSSGGAG 381 
mouse_GON4L                GAGLQSCLHGLFPAHGGSHCVPNTFDATKRCSSGPARGASGARHHSG--- 490 
                            .               .  : : . . :.   .*    .           
 
human_GON4L_isoform_a      ---DSLIAFRTRSKMPLKDVPLGQLEAELQAPDITPDMYDPN-TADDEDW 533 
human_GON4L_isoform_b      ---DSLIAFRTRSKMPLKDVPLGQLEAELQAPDITPDMYDPN-TADDEDW 533 
zebrafish_Udu              EPDDSLVACRTRSKRPLRDVPLDQLEAELRAPDITPDMYDNVSTPEDREW 431 
mouse_GON4L                -YVPKHSGLEAVARGPHKRGERGGRSRVLLGRSTRHRGFPYP-SSENHKR 538 
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human_GON4L_isoform_a      KMWLGGLMNDDVGNEDEADDDDDPEYNFLEDLDEPDTEDFRTDRAVRITK 583 
human_GON4L_isoform_b      KMWLGGLMNDDVGNEDEADDDDDPEYNFLEDLDEPDTEDFRTDRAVRITK 583 
zebrafish_Udu              TQWLQGLMTSHLDNDEEADEDDDPEYNFLDDLDEPDLEDYRNDRAVRITK 481 
mouse_GON4L                SEWADGRAVDCAICSPQVPRNGILKYGRWPRGRGACNRVSALQHPSSPTV 588 
                           . *  *   .    . :.  :.  :*.       .  .    ::.   *  
 
human_GON4L_isoform_a      KEVNELMEELFET------FQDEMGFSNMEDDGPEEEECVAEPR---PNF 624 
human_GON4L_isoform_b      KEVNELMEELFET------FQDEMGFSNMEDDGPEEEECVAEPR---PNF 624 
zebrafish_Udu              KEVNELMEELFET------FHDELAANEPDDEGHDEDEEREEEANDTPQF 525 
mouse_GON4L                GAVGQLTKAAPDSEGAAGAAEDEETLSQTAAGGEAETAGGGSPSDSGPRP 638 
                             *.:* :   ::       .**   .:    *  *     .     *.  
 
human_GON4L_isoform_a      NTPQALRFEEPLAN-----LLNEQHRTVKELFEQLKMKK-SSAKQLQEVE 668 
human_GON4L_isoform_b      NTPQALRFEEPLAN-----LLNEQHRTVKELFEQLKMKK-SSAKQLQEVE 668 
zebrafish_Udu              NVPQAIRFEEPLAH-----MLTACRRTVREQLDALQQRRENQVRTTQHSS 570 
mouse_GON4L                STEEQASAADAAACSAVDTNLPSHHLQPQPQLRGQYHQNISRAGHLCEFH 688 
                           .. :     :. *       *   :   :  :     :. . .    .   
 
human_GON4L_isoform_a      KVKPQSEKVHQTLILDPAQ------RKRLQQQMQQHVQLLTQIHLLATCN 712 
human_GON4L_isoform_b      KVKPQSEKVHQTLILDPAQ------RKRLQQQMQQHVQLLTQIHLLATCN 712 
zebrafish_Udu              GPGMVFVQPSCPLVVTPAQ------RIQLQQQIQQHVQLLTQVSMLCDHV 614 
mouse_GON4L                CPSPAVQPQVPDLIPALLDGSYAAHRLHPSQHLQPSNRQEDCQISLFAKA 738 
                                       *:    :      * : .*::*   :       *     
 
human_GON4L_isoform_a      PNLNPEATTTRIFLKELGTFAQSSIALHHQYNPKFQTLFQPCNLMGAMQL 762 
human_GON4L_isoform_b      PNLNPEATTTRIFLKELGTFAQSSIALHHQYNPKFQTLFQPCNLMGAMQL 762 
zebrafish_Udu              GALQTEAQTTKHFLGELLSFAERAEDERSAVNLGFKSVFRVCNLLSSINL 664 
mouse_GON4L                SGLDPGHKQGFHVSRAPPNMFPEGQSSGDHLHQGGQSVSFRTEAFRRDVS 788 
                             *:.       .     .:   .       :   :::    : :      
 
human_GON4L_isoform_a      IEDFSTHVSIDCSPHKT-VKKTANEFPCLPKQVAWILATS--KVFMYPEL 809 
human_GON4L_isoform_b      IEDFSTHVSIDCSPHKT-VKKTANEFPCLPKQVAWILATS--KVFMYPEL 809 
zebrafish_Udu              LEEVKQSPSLSCLPPKPNRHHSVHSYPLLPAGLAWLFATR--SVFLYPEL 712 
mouse_GON4L                ASDQQVPCNLDCSPADGENQEPQPEQSSQRDILEDQTAASSGEVLRDPAT 838 
                            .: .   .:.* * .   :..  . .     :    *:   .*:  *   
 
human_GON4L_isoform_a      LPVCSLKAKNP--QDKIVFTKAEDNLLALGLKHFEGTEFPNPLISKYLLT 857 
human_GON4L_isoform_b      LPVCSLKAKNP--QDKIVFTKAEDNLLALGLKHFEGTEFPNPLISKYLLT 857 
zebrafish_Udu              LPHCSLDPALHPSRSKHYYSKGEDGLLVLGLKHFAQTEFPYQLISRYLIR 762 
mouse_GON4L                SVEATFEGRTPASILVKGQSTVHSGTAEHIRRRYRGRKCDHSHEQHRSAL 888 
                              .::.            :. ...      :::   :      .:     
 
human_GON4L_isoform_a      CKTAHQLTVRIKNLNMNRAPDNIIKFYKKTKQLPVLGKCCEEIQPHQWKP 907 
human_GON4L_isoform_b      CKTAHQLTVRIKNLNMNRAPDNIIKFYKKTKQLPVLGKCCEEIQPHQWKP 907 
zebrafish_Udu              PKRQEQLRMRVKDMVSPKYPHNIIKYYCQNHVVPPLPVVCKPVVHGEERP 812 
mouse_GON4L                TESQPCPGRTSVPTAATQGCGAQTEAGFQAFLQKGLATEAAIGPEAPPYP 938 
                            :               :      :   :      *   .         * 
 
human_GON4L_isoform_a      PIEREEHRLPFWLKASLPSIQEELRHMADGAREVGNMTGTTEINSDRSLE 957 
human_GON4L_isoform_b      PIEREEHRLPFWLKASLPSIQEELRHMADGAREVGNMTGTTEINSDRSLE 957 
zebrafish_Udu              PVEREQEVMPNWLKKSLPLIQKSICQS--------------DLTMTSTTK 848 
mouse_GON4L                TQPLCSACVQPWENGNVANSVRSSSKQHSGP------DSSSDSASRCLTD 982 
                           .    .  :  * : .:.   ..  :               :       . 
 
human_GON4L_isoform_a      KDNLELGSESRYPLLLPKGVVLKLKPVATRFPRKAWRQKRSSVLKPLLIQ 1007 
human_GON4L_isoform_b      KDNLELGSESRYPLLLPKGVVLKLKPVATRFPRKAWRQKRSSVLKPLLIQ 1007 
zebrafish_Udu              SASLPFPKETRYPQFLPKGLSLRLHPSQVAS---RPSQPKSRILRAFTNR 895 
mouse_GON4L                TSRVPFSGGSWRRWFVSNSTACYALWVSQDHLPLVDSVSTSFLLCTQINA 1032 
                           .  : :   :    ::.:.                     * :* .     
 
human_GON4L_isoform_a      PSPSLQPSFNPGKTPARSTHSEAPPSKMVLRIPHPIQPATVLQTVPGVPP 1057 
human_GON4L_isoform_b      PSPSLQPSFNPGKTPARSTHSEAPPSKMVLRIPHPIQPATVLQTVPGVPP 1057 
zebrafish_Udu              TLAPLAKAPSCPTGTGHLLTNISTPVLLLAQAPSTPINGVFPLVHPSLTP 945 
mouse_GON4L                ALSGPFISKAICEXGTHQKKRNPGVPLCEACSHHPPDTRHLHSSCHYSKG 1082 
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human_GON4L_isoform_a      LGVSGGESFESPAALPAVPPEARTSFPLSESQTLLSSAPVPKVMLPSLAP 1107 
human_GON4L_isoform_b      LGVSGGESFESPAALPAVPPEARTSFPLSESQTLLSSAPVPKVMLPSLAP 1107 
zebrafish_Udu              AHGTVPLNASYPINFHYLSPELGASNPAHLPANLPPSVVQKPQCDVSLLS 995 
mouse_GON4L                CEHWWWLHDPACCSCGTKSPDHSYHHSPCQPHYFPLFIKPAPCGLLHLPP 1132 
                                             .*:     .   .  :             * . 
 
human_GON4L_isoform_a      SKFRKPYVRRRPSKRRGVKASPCMKPAPVIHHPASVIFTVPATTVKIVSL 1157 
human_GON4L_isoform_b      SKFRKPYVRRRPSKRRGVKASPCMKPAPVIHHPASVIFTVPATTVKIVSL 1157 
zebrafish_Udu              TGTVKTRGVQQQTSDKHKKRTMARKLAPLRPAPQLPRLLPLSSGSIGNIS 1045 
mouse_GON4L                NCFQQSSDSSCDIYSRGPSEVGCCR-EKCSSEPVQIKTPGANSSLYHCLL 1181 
                           .   :.         :  .   . :       *         :        
 
human_GON4L_isoform_a      GGGCNMIQPVNAAVAQSPQTIPITTLLVNPTSFPCPLNQSLVASSVSPLI 1207 
human_GON4L_isoform_b      GGGCNMIQPVNAAVAQSPQTIPITTLLVNPTSFPCPLNQSLVASSVSPLI 1207 
zebrafish_Udu              NSGIIIDQQISLNVPHNLQSDNVIVIKAHENVNTHRTVPSLSPDLVVQLV 1095 
mouse_GON4L                QRGAQVLAFFSRYGKPGSILIQCLQLGCCQNRKPGRLFKECLWLDGCENR 1231 
                             *  :   ..     .        :    .  .     .           
 
human_GON4L_isoform_a      VSGNSVNLPIPSTP------EDKAHVNVDIACAVADGEN-AFQGLEPKLE 1250 
human_GON4L_isoform_b      VSGNSVNLPIPSTP------EDKAHVNVDIACAVADGEN-AFQGLEPKLE 1250 
zebrafish_Udu              PQTQVAENTTSSLPRKTTTRSDVSQTAKDIPSVQSSGENGQRTVFSPQTA 1145 
mouse_GON4L                RWWACCGAIASESPGLSELFIEGFIKYGQDGSSRLHGGNLQQLSQAGHWG 1281 
                                     .. *       :      :  .    * *        :   
 
human_GON4L_isoform_a      PQE------LSPLSATVFPKVEHSPGPP-------------LADAECQEG 1281 
human_GON4L_isoform_b      PQE------LSPLSATVFPKVEHSPGPP-------------LADAECQEG 1281 
zebrafish_Udu              APA------AVDSSQFVLVQTVSPTGPPQFLLLPQDSLVLNQPASLPSEG 1189 
mouse_GON4L                GSERGMLYGIRQVPTGEAECQDEQTDSPAEGRHAGCQIPFCAPRRCCGTN 1331 
                                        .          ...*              .      . 
 
human_GON4L_isoform_a      LSENSACRWTVVKTEEGRQALEPLPQGIQESLNNPTPGDLEEIVKMEPEE 1331 
human_GON4L_isoform_b      LSENSACRWTVVKTEEGRQALEPLPQGIQESLNNPTPGDLEEIVKMEPEE 1331 
zebrafish_Udu              TLQNLSQQTSHLDISTTSTALKNSEKTEVHLNNPTTSLPVSREEDGERQE 1239 
mouse_GON4L                KSCKQRTAKKHSVLHGPGRGAERSSREAGLGQCRPVCGNPSR-TRHWRGE 1380 
                              :     .         . :   :        ..    ..       * 
 
human_GON4L_isoform_a      AREEISGS-PERDICDDIKVEHAVELDTGAPSEELSSAGEVTKQTVLQKE 1380 
human_GON4L_isoform_b      AREEISGS-PERDICDDIKVEHAVELDTGAPSEELSSAGEVTKQTVLQKE 1380 
zebrafish_Udu              VDEEMVGDRWEEEMASALFGSPLLALSESSCSPDSSPDASMDSGSDAMVR 1289 
mouse_GON4L                GRAGRGGGGLPHPRRRTVISFGVCALCPRAPGNNGETDLAGIKEDESGGW 1430 
                                 *.   .     :       *   : . : ..     .        
 
human_GON4L_isoform_a      EERSQPTKTPSSSQEPPDEGTSGTDVNKGSSKNALSSMDPEVRLSSPPGK 1430 
human_GON4L_isoform_b      EERSQPTKTPSSSQEPPDEGTSGTDVNKGSSKNALSSMDPEVRLSSPPGK 1430 
zebrafish_Udu              VEMEDGELPSVHSASATQETPDVHKHSSGDEKEQQSSGGEKQNSGNEEGR 1339 
mouse_GON4L                VGRELPGGELARRRGGRRGRRNGNLAKRGSERSRWRCCQETPFYLGLTSD 1480 
                              .                 .    . *..:.   .        .  .  
 
human_GON4L_isoform_a      PEDSSSVDGQSVGTPVGPETGGEK-------------------------- 1454 
human_GON4L_isoform_b      PEDSSSVDGQSVGTPVGPETGGEK-------------------------- 1454 
zebrafish_Udu              AEESESRKDEAQDEDKGGEKNEDGEGDGNRDEGGSGDKGREEKDGDGEKD 1389 
mouse_GON4L                CSRNRDQHSPRRGEHQSCWKGTEQSSGSKQ-------------------- 1510 
                            . . . ..   .   .  .. :                            
 
human_GON4L_isoform_a      -NGPEEEEEEDFDDLTQDEEDE--MSSASEESVLSVPELQETMEKLTWLA 1501 
human_GON4L_isoform_b      -NGPEEEEEEDFDDLTQDEEDE--MSSASEESVLSVPELQVRAGEYSQVF 1501 
zebrafish_Udu              GDGERDEEEEDFDDLTQDEDEEEVMSSASEESVLSVPELQETMEKLTWLA 1439 
mouse_GON4L                -TGKSGSGQQGHLQAAVAVGHSRPGPTQGAEGPGVRTGLSHQGTSSPAHP 1559 
                             *   . ::.. : :    ..   .: . *.    . *.    . .    
 
human_GON4L_isoform_a      SERRMSQEGESEEENSQEENSEPEEEEEEEAEGMESLQKEDE-------M 1544 
human_GON4L_isoform_b      R------------------------------------------------- 1502 
zebrafish_Udu              SERRLCREGDSEEDNSPTSPTSPTSPNSQNSPASQNSQEENSEDEDDGAM 1489 
mouse_GON4L                WQIRRFPSDHLIVKHPNAQRCGSLQKLANPSPRLASALEGLCCFPAAASP 1609 
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human_GON4L_isoform_a      TDEAVGDSAEKPPTFASPETAPEVETSRTPPGESIKAAGKGRNNHRARNK 1594 
human_GON4L_isoform_b      ----------------------------------------GLSNMYHLLI 1512 
zebrafish_Udu              KGDELEAGEGEGEKLPEGDAPAGDDPPQISEKVGGRGRGRGRPPPRSLKR 1539 
mouse_GON4L                VVWTLGAAGFEKSKVPPAAGDLFCREPLPPPEDHQGSSGLCRLPSSGHRR 1659 
                                                                              
 
human_GON4L_isoform_a      RGSRARASKDTSK----LLLLYDEDILERDPLREQKDLAFAQAYLTRVRE 1640 
human_GON4L_isoform_b      CHLLACCTMDSPK----IICIFVNALWD---------------------- 1536 
zebrafish_Udu              GRRQERGSKDASK----LLLLYDDHILDNDPMRESKDMAYAQAYLNRVRE 1585 
mouse_GON4L                AQDTDVAAPQRPRPPTGVLHLFSSAPSSQDGLRDQLDRERVVWLRSDTPC 1709 
                                  : : .:    :: :: .   .                       
 
human_GON4L_isoform_a      ALQHIPGKYEDFLQVIYEFES-STQRRTAVDLYKSLQILLQDWPQLLKD- 1688 
human_GON4L_isoform_b      --------------MIVELRN-EMERMKFYLLYTRLHIK----------- 1560 
zebrafish_Udu              ALQDVPGKVEEFLGLLYEFDQ-AGESHSVIELFAQLKQLLKDWPELLKD- 1633 
mouse_GON4L                GRGRARQGVHSLQEQEAKRDWGPASRGHRMASSQGLFLFLPGRSRIAEEE 1759 
                                            :      .          *               
 
human_GON4L_isoform_a      -FAAFLLPEQALACGLFEEQQAFEKSRKFLRQLEICFAENPSHHQKIIKV 1737 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              -FAAFLLPEQALECGLFEEQQAFERSRRFLRQLEISFGENPSHYQKIVRA 1682 
mouse_GON4L                QKEKLSLQQQGLQQTLQEQGAPVGGQWPPPRGQYCAWQGSRARQGHVRRG 1809 
                                                                              
 
human_GON4L_isoform_a      LQGCADCLPQEITELKTQMWQLLKGHDHLQDEFSIFFDHLRPAASRMGDF 1787 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              LQSGSPLSPAGIEELKTQMATLLKGHTHLQGEFWMFFDEMRPPPARPGQF 1732 
mouse_GON4L                NPGGAGEHGGDPEDCQDHAKGRGTCSRVNNREYFAVSCRSDSHGAAVGGP 1859 
                                                                              
 
human_GON4L_isoform_a      EEINWTEEKEYEFD---------------GFEEVALPDVEEEEEPPKIPT 1822 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              EEAVWPEDVATGTDGEAGVSVTSRGGVWGGFEEVTLPDLDEDEESHKIRQ 1782 
mouse_GON4L                SALLSRDSSASSSDWSCSLLCQEKPGWASCLLPQHILLTSRGGGPKGCCE 1909 
                                                                              
 
human_GON4L_isoform_a      ASKNKRKKEIGVQNHDKETEWPDGAKDCACSCHEGGPDSKLKKSKRRSCS 1872 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              ISSRSKRRKE--LHTYKDCDWPE--KDCSCSCHDSVHDAKHRRHKRKGCL 1828 
mouse_GON4L                LRDYCTPPRSIRNETAGNCGALCS-PPKSCFYKDQRHGEKTHLWESRQSE 1958 
                                                                              
 
human_GON4L_isoform_a      HCSSKVCDSKSYKSKEPHELVGSSPHREASPMPGAKEAGQGKDMMEEEAP 1922 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              RCQSNKAANGSKVLKGRDSAFSSADAQSER----GGEEKEEERVLGEDGE 1874 
mouse_GON4L                LAHREQSGRGSPCGGPYLKVIRSGLRGCSQNCQRGPGRQWDTRHGPRRGA 2008 
                                                                              
 
human_GON4L_isoform_a      EERESTEATQSRTVRTTRKGEMPVSGLAVGSTLPSPREVTVTERLLLDGP 1972 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              AEKELKDETCSGANSPHHDGEGSVWEREERATSSIPEEQNTHN------- 1917 
mouse_GON4L                TKSLRSHRLCQQQQGQLHWGEGGALDKGSRPSDSHHVPGAGSTAS----- 2053 
                                                                              
 
human_GON4L_isoform_a      PPHSPETPQFPPTTGAVLYTVKRNQVGPEVRSCPKASPRLQKEREGQKAV 2022 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              -------------------------------------------------- 
mouse_GON4L                -------------------------------------------------- 
                                                                              
 
human_GON4L_isoform_a      SESEALMLVWDASETEKLPGTVEPPASFLSPVSSKTRDAGRRHVSGKPDT 2072 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              -------------------------------------------------- 
mouse_GON4L                -------------------------------------------------- 
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human_GON4L_isoform_a      QERWLPSSRARVKTRDRTCPVHESPSGIDTSETSPKAPRGGLAKDSGTQA 2122 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              ------------------QDDEEKNEEENHHEEPEKHSRDEEDSAESGQT 1949 
mouse_GON4L                ------------HLQCHFSAAGKDPCGFPPLPRAHAALSHGLRGQLGRGR 2091 
                                                                              
 
human_GON4L_isoform_a      KGPEGEQQPKAAEATVCANNSKVSSTGEKVVLWTREADRVILTMCQEQGA 2172 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              EAAQQSSLSPALDAPVCAKNISLTPTGERVILWTREADRVILTTCQQQGA 1999 
mouse_GON4L                CYQHQQRRPALPRGPAVRRGARRVTSARTHPTAISTGDRARLTRGDLEDR 2141 
                                                                              
 
human_GON4L_isoform_a      QPQTFNIISQQLGNKTPAEVSHRFRELMQLFHTACEASSEDEDDATSTSN 2222 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              SLSTFQAVSEQLGNKTASEVSRRFRDLMRLFHTSASQASSEDEAAEQQSA 2049 
mouse_GON4L                ARMEMALQLISQGRWRPYKPNLSVHSTEGARGLPRSLVVSVFLNVQMRMS 2191 
                                                                              
 
human_GON4L_isoform_a      ADQLSDHGDLLSEEELDEDSGNHLHRTKPNRRPGTGEGVVVLCLYSPAQF 2272 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              TDEEQD-------------------------------------------- 2055 
mouse_GON4L                CNRSLHTG---------FLHGSFYYKFSPTTLPWTSVRETVTLLVTLGQP 2232 
                                                                              
 
human_GON4L_isoform_a      TDLESRRPGQGQRLEDGVGPRGSAILGIIQGLLRLYRCPLIASRVEFSSF 2322 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              -------------------------------------------------- 
mouse_GON4L                -------------------------------------------------- 
                                                                              
 
human_GON4L_isoform_a      LYFFLVWHIFIVLWSNHSVSKCKKCICWCSSRDIELLCMKTLGSCIQLFL 2372 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              -------------------------------------------------- 
mouse_GON4L                ---VLVQHLFHVILLHASVHEASPAPQVKSAELFSQVSQRTVQGSTQGPK 2279 
                                                                              
 
human_GON4L_isoform_a      LQTSSFLPHWELSTRLSPPWHWARLCSSCSSSATSSCSTPASMKLAQRRK 2422 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              -------------------------------------------------- 
mouse_GON4L                HRDALYCCGGKEEGRVGGTAVTRVLSLLCAPQGLVVKERNTELTLFSLHF 2329 
                                                                              
 
human_GON4L_isoform_a      SSLVRSLAKASRVWCRDEEEHSAPNTGMLSTAVEGEETETCRWMIILPWD 2472 
human_GON4L_isoform_b      -------------------------------------------------- 
zebrafish_Udu              -------------------------------------------------- 
mouse_GON4L                SSWKKLKEKSKTVPM----------------------------------- 2344 
                                                                              
 
human_GON4L_isoform_a      SPNGSPTLVDLIVNSTNLVYCPLSTPVLQRKNAFLGSHRVNKGMFNC 2519 
human_GON4L_isoform_b      ----------------------------------------------- 
zebrafish_Udu              ----------------------------------------------- 
mouse_GON4L                ----------------------------------------------- 
 
 
Figure 5.1 Cluster alignment of predicted protein sequences of zebrafish (Danio rerio) Udu, human 
(Homo sapiens) GON4L isoforms a, b and mouse (Mus musculus) GON4L using EBI (The European 
Bioinformatics Institute) ClustalW2. Amino acids that are conserved in all species are indicated with asterisks. 
Conservative changes are indicated with colons and semi-conservative substitutions are indicated with dots. The 
CR domains 1, 2 and 3 of zebrafish Udu located at amino acids position 179 to 293; position 384 to 494 and 
position 1386 to 1455 are underlined respectively. And the two PAH-L domains located at amino acids position 
1538 to 1740 and the SANT-L domains located at amino acids position 1947 to 2039 are underlined. The 
nucleotide accession number for zebrafish Udu is EF494072, mouse GON4L is AK147575, human GON4L 
isoform_a is NM_001037533 and human GON4L isoform_b is NM_032292. 
 
 






Figure 5.2 A phylogenetic tree showing the evolutionary relationships of zebrafish (Danio rerio) 
Udu, human (Homo sapiens) GON4L isoforms a, b and mouse (Mus musculus) GON4L. Expression of 
human GON4L is controlled by an alternative termination of transcription in intron 21, resulting in 














  124 
 
Figure 5.3 Udu is predominantly localized in the nucleus. (A-C) COS7 cells were transfected with 
udu alone, stained with anti-Udu antibody and the nuclei were visualized by DAPI staining. (D-F) 
Localization of PAH-L, SANT-L and PAH-L+SANT-L domains in transfected COS7 cells. (D and E) 
PAH-L and SANT-L domains was predominantly localized in the nuclei.(F) In COS7 cells transfected with 



















Figure 5.4 Localization of Udu and PAH-L+SANT-L domains of Udu in pericentromeric 
heterochomatin. (A, and E) DAPI (blue), (B) COS7 cells transfected with Udu full length (green). (F) 
COS7 cells transfected with PAH-L+SANT-L domains of Udu (green) and (C and G) COS7 cells 
transfected with HP1β (red). (D and H) Merge images (yellow). Udu and PAH-L+SANT-L domains of 
Udu co-localized with HP1β, a marker protein for pericentromeric heterochomatin. (D and H) COS7 cells 
transfected with Udu full length and PAH-L+SANT-L domains showed pronounced foci and was included 
in the foci of replicating pericentromeric heterochromatin in the late S phase. This data provides an 




















Figure 5.5 Synchronization of COS7 cells. For cell synchonization, COS7 cells were incubated in 1 
μg/ml aphidicolin for 20 h and the cells were harvested for FACS analysis to assess the extent of 
synchronization. (A) Mixed population of untreated COS7 cells. (B) Aphidicolin treated COS7 cells were 
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Figure 5.6 PAH-L and SANT-L domains are essential for DNA replication. COS7 cells were 
synchonised at the G1/S border with aphidicolin, released into S phase, labeled with BrdU and fixed at 
different time points and submitted to laser scanning confocal microscopy to detect (A and E) DAPI (blue), 
(B and F) PAH-L+SANT-L (green), and (C and G) BrdU (red). (D and H) The merge images (yellow) 
showed the pattern of replication and were assigned to early S phase an late S phase. (D) During the early S 
phase, BrdU incorporation was seen in granular pattern throughout the nucleus. (F) Five hours after 
released into S phase, cells exhibited large foci of BrdU incorporation that co-localizsed with PAH-L and 
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Figure 5.7 Interactions of PAH-L and SANT-L domains with Mcm3 and Mcm4. (A) Co-
immunoprecipitation of MYC-tagged Mcm3, Mcm4 and FLAG-tagged PAH-L+SANT-L domains. FLAG-
tagged PAH-L+SANT-L were immunoprecipitated from the cell lysates and detected with anti-FLAG 
antibody as control and with anti-MYC antibody to detect the interacting proteins, Mcm3 and Mcm4. Lanes 
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CHAPTER 6 
Loss of functional udu up-regulates p53 and down-regulates Notch 




The Notch signaling pathway is involved in a variety of cell fates decisions during 
development (Artavanis-Tsakonas et al., 1999), such as neurogenesis, somitogenesis, 
angiogenesis, differentiation, proliferation and apoptosis (Lewis, 1998; Miele and 
Osborne, 1999; Pourquie, 2000; Gridley, 2001). There are four homologs of Notch 
encoding transmembrane receptors containing an extracellular domain and an 
intracellular domain. Upon interaction of Notch ligands of the Delta and Serrate/Jagged 
families (Jagged-1, Jagged-2 and Dll-1, Dll-3, Dll-4) with Notch receptors, it induced 
proteolytic cleavage of Notch receptor and nuclear translocation of NICD (Kopan, 2002). 
In the nucleus, NICD binds to CSL, a transcription factor that is normally bound to DNA 
sequences in the presence of a co-repressor complex (Kao et al., 1998; Hsieh et al., 1999). 
The binding of NICD to CSL results in the release of co-repressor complex and recruits 
nuclear co-activators such as Mastermind, histone acetyltransferase p300 and PCAF to 
form a transcriptional activated complex and activates the expression of Notch target 
genes (Zhou et al., 2000; Wu et al., 2000; Mumm and Kopan, 2000; Fryer et al., 2002; 
Wallberg et al., 2002; Nam et al., 2003). In the case of Notch activation, her4, a zebrafish 
bHLH protein of the HAIRY-E(SPL) family functions as a target of Notch signaling and 
serves as an indicator of Notch activity (Takke et al., 1999). Three E3 ubiquitin ligases, 
Neuralized, Mib and Mib2 are key regulators in targeting Delta and Serrate/Jagged for 
endocytosis in Notch receptor activation (Deblandre et al., 2001; Lai et al., 2001; 
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Pavlopoulos et al., 2001; Itoh et al., 2003; Chen and Casey, 2004; Koo et al., 2005; 
Takeuchi et al., 2005; Le Borgne et al., 2005; Lai et al., 2005; Wang and Struhl, 2005; 
Pitsouli and Delidakis, 2005; Zhang et al., 2007). Three different alleles of zebrafish mib 
were isolated from the 1996 ENU screen and Mib and Mib2 have been shown to be 
essential for efficient activation of Notch signaling by facilitating internalization of Delta 
(Jiang et al., 1996, Itoh et al., 2003; Zhang et al., 2007).  
 
Notch signaling is known to have profound and widespread implication in a variety of 
cell specification, proliferation and apoptosis that affect the development and function of 
many organs (Joutel et al., 1996; Li et al., 1997; Oda et al., 1997; Weijzen et al., 2002; 
Costa et al., 2003; Ohishi et al., 2003), it is no surprise that deviant Notch signaling 
causes some human diseases. Aberrant Notch signaling has also been implicated in 
human cancers (Ellisen et al., 1991). However, in some circumstances, Notch can behave 
as a tumor suppressor (Nicolas et al., 2003), hence, highlighting that differential 
outcomes of Notch signaling is cellular context dependent. How Notch contributes to 
tumorigenesis by acting either as an oncogene or tumor suppressor, is perhaps the least 
known aspects of Notch signaling and is thought to include PI3K (Rangarajan et al., 2001) 
and p53-mediated apoptosis (Singh et al., 2002). p53 has been described in the earlier 
chapters. It is a well known tumor suppressor protein that controls cell proliferation and 
is effective in counteracting the effects of oncogene activation. Cells are able to respond 
to p53 activation by undergoing cell cycle arrest and/or apoptosis depending on the type 
and extent of the stimulus (Lane, 1992; Ljungman, 2000; Vogelstein et al., 2000). It is 
very likely that the cellular context plays an important role in determining whether the 
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activation of Notch and p53 act to inhibit or promote tumorgenesis. In view of this 
context dependent issue, zebrafish comes close to being an ideal model organism for 
vertebrate development.  
 
6.2 Summary 
Evidence from my study has suggested that the udu play a role in regulating Notch 
activation in a p53-dependent manner. Previously, conflicting conclusions on the 
reciprocal relationship between Notch and p53 function have been reported (Roperch et 
al., 1998; Sasaki et al., 2002; Qi et al., 2003; Nair et al., 2003; Laws and Osborne, 2004; 
Yang et al., 2004; Talora et al., 2005; Beverly et al., 2005; Mungamuri et al., 2006). All 
these conflicting conclusions arise due to differential context of Notch signaling. Given 
the extensive similarity between the zebrafish and human genomes, the study of Notch 
and p53 in zebrafish may provide conclusive clues to their reciprocal relationship in a 
physiological sense. Zebrafish are particularly suited for this purpose because they 
represent a vertebrate species, their genome is sequenced, and a large number of 
synchronously developing transparent embryos can be produced. Furthermore, zebrafish 
embryos are permeable to drugs and can easily be manipulated using well-established 
genetic and molecular approaches (Amsterdam and Hopkins, 2006; Kari et al., 2007; 
Lieschke and Currie, 2007). The present study show that the loss of udu resulted in the 
up-regulation of p53, which down-regulates Notch activity during zebrafish development. 
In addition, experimental results from mib and udu double mutants show that differential 
level of Notch can function to rescue the cell death phenotype that is mediated via the 
p53-dependent pathway in udu deficient embryos. Given the well established role of the 
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PAH-L and SANT-L domain of Udu protein as a chromatin-remodeling molecule 
involved in gene regulation, it is possible that Udu may function as a transcriptional 
modulator of Notch or p53 signaling pathways.  
 
6.3 Results 
6.31 Notch activity is down-regulated in udutu24 mutants 
Previous studies have shown that Notch signaling is an important regulator of midline 
cell fate specification (Appel et al., 1999; Latimer et al., 2002; Itoh et al., 2003; Jülich et 
al., 2005; Latimer and Appel, 2006; Zhang et al., 2007). col2a1 staining provided initial 
clue that the Notch signaling pathway may be impaired in udutu24 mutants. To confirm 
this, WISH for her4 was carried out (Figure 6.1A to D). The down-regulation of her4 in 
udutu24 embryos can be observed at 10 s (Figure 6.1A and B), even before the onset of 
intensive apoptosis and this low level of her4 was also observed at a later developmental 
stage, at 25 hpf (Figure 6.1C and D). Thus, the low level of her4 in udutu24 mutants 
indicated that Notch activity is compromised in the udu deficient embryos. 
 
6.32 Elevated level of p53 could regulate Notch 
It has been shown in my study that udutu24 mutants’ extensive apoptosis involved 
activation of the ATM-Chk2-p53 pathway. Earlier published data have shown how Notch 
signaling represses or activates the p53-dependent apoptosis in zebrafish embryos (Huang 
et al., 2004; Campbell et al., 2006). The earlier mentioned results showed that elevated 
level of p53 resulted in the down-regulation of Notch activity in udutu24 mutants. To 
further confirm the effect of elevated p53 on Notch, p53-MO was injected into wild-type 
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and udutu24 embryos to inactivate p53 function and WISH for her4 was performed (Figure 
6.2A to D). Inactivation of p53 function with MO was able to bring about the up-
regulation of her4 in wild-type (compare Figure 6.2A and C with 6.1C) and udutu24 
embryos (compare Figure 6.2B and D with 6.1D) thereby, suggesting that Notch is 
negatively regulated by p53. In order to further confirm this finding, p53 mRNA was 
overexpressed in wild-type embryos, it produced 18.6% (N=73/392) wild-type-like 
embryos, 23.7% (N=93/392) retarded growth embryos, 24.5% (N=96/392) of the injected 
embryos remained in the gastrulation stage and the remaining 33.2% (N=130/392) 
embryos were dead (not shown). WISH of her4 of these embryos injected with p53 
mRNA at approximately 30 hpf, showed that her4 was indeed down-regulated (Figure 
6.2E to G). Taken together, the data showed that the loss of udu function up-regulates 
p53 and support the negative role p53 in Notch signaling as summarized in Figure 6.2H. 
 
6.33 Udu could regulate Notch 
The Udu protein contains two important domains that included PAH-L repeats and the 
SANT-L domain (Liu et al., 2007). The PAH-L repeats may form complexes with 
various interacting partners and, together with the SANT-L domain to function as a 
chromatin-remodeling molecule involved in gene regulation (Spronk et al., 2000; Boyer 
et al., 2002; Boyer et al., 2004; Silverstein and Ekwall, 2005). Hence, it is very likely that 
Udu may function as a transcriptional modulator of Notch. udu mRNA was injected into 
mibta52b mutants, which has been shown to displayed reduced Notch signaling (Itoh et al., 
2003, Zhang et al., 2007). This experiment serves to verify the hypothesis on the 
transcriptional role for Udu in regulating Notch activity. The level of her4 transcript in 
  134 
mibta52b embryos injected with udu mRNA were similar to non-injected mibta52b mutants 
as shown in Figure 6.3B, thus the increased of udu transcript was not sufficient for Notch 
activation (data not shown). In this case, p53 may have an influential role on the 
regulation of Notch signaling pathway by Udu. To abolish the influence of p53 on Udu 
and Notch signaling, p53-MO was co-injected with udu mRNA into mibta52b mutants and 
this resulted in the increased expression level of her4 in these co-injected embryos, an 
indication of Notch activation (Figure 6.3A and B). This result indicated that Udu may 
function to activate Notch only in the absence of p53 as summaries in Figure 6.3C. In this 
case, p53 may mask the activation of Notch by Udu. 
 
6.34 Differential level of Notch acts to regulate the elevated level of p53 in udu 
deficient background during zebrafish development 
 
Experimental results from mib and udu double mutants show that differential level of 
Notch can function to rescue the cell death phenotype that is mediated via the p53-
dependent pathway in udu deficient embryos. mib gene encodes an E3 ligase component 
of the Notch signaling pathway. The mib alleles used in this study are mibtfi91, a null allele 
with a premature stop codon at N-terminal M-H domain and mibta52b, with a missense 
mutation at the RING finger domain (Itoh et al., 2003; Zhang et al., 2007). Mibm132 and 
Mibta52b proteins have been shown to function dominant-negatively on Notch signaling. 
In zebrafish embryos injected with mibm132 or mibta52b mRNA, a typical mib phenotypes 
such as abnormal somites, tail curvature, reduced tail pigment, up-regulation of huC and 
down-regulation of her4 were observed (Zhang et al., 2007). In consideration of their 
similar effect on Notch signaling; only mibta52b allele was used in this study.  
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WISH of p53, showed that the developing brain, posterior trunk and tail bud regions of 
udutu24 embryos, displayed the highest amount of p53, and followed by mibtfi91.udutu24 
mutants. While, mibta52b.udutu24 mutants displayed the least amount of p53 transcript in 
the developing brain and a negligible amounts of p53 along the trunk and tail region 
(Figure 6.4A to C). Consistently, TUNEL staining showed a reduction of TUNEL-
positive cells in the double mutant of mibta52b.udutu24 mutants (Figure 6.4D, compared to 
4.1B). This reduction of TUNEL-positive cells in mibta52b.udutu24 mutants coincident with 
its down-regulated level of p53 transcript. In addition, udutu24 embryos injected with 
su(h)-MO, also showed a reduction of TUNEL-positive cells (Figure 6.4E). su(h)-MO 
can effectively blocked Notch signaling (Sieger et al., 2003). Taken together, the data 
indicates that that the differential level of Notch in mibta5b and mibtfi91 embryos may 
negatively regulate p53 and inhibit p53-dependent apoptosis via Su(H) in udu deficient 
background during zebrafish development as summarized in Figure 6.4F. 
 
6.4 Discussion 
At this moment, it is still too premature to pinpoint the exact mechanism of the 
relationship of Udu, p53 and Notch. Firstly, how Udu regulates Notch, how p53 
negatively regulates Notch activation and lastly how differential level of Notch in mibta52b 
and mibtfi91 mutants function to regulate the elevated level of p53 and p53-dependent 
apoptosis via Su(H) in Udu deficient background during zebrafish development. The 
mechanism of these processes warrants further investigation. Evidence from the current 
study showed that Notch is negatively regulated by p53. The conclusion that p53 plays a 
negative role in Notch signaling is supported by the findings that the accumulation of p53 
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in udutu24 mutant leads to a down-regulation of her4, a target of Notch signaling (Takke et 
al., 1999). The knockdown of p53 by MO was able to bring about the up-regulation of 
her4 in udutu24 embryos. Consistent with these results, ectopic expression of p53 mRNA 
in the embryos induced generalized growth retardation, concurrent with a reduction in 
her4 expression. udu encodes for a new novel protein and further experiments are needed 
to decipher the mechanism of how Udu may regulate Notch signaling. The PAH-L 
repeats of Udu is a flexible domain and it can interact with either activator or repressor 
factors during gene transcription that either functions to turn on or turn off gene 
expression (Silverstein and Ekwall, 2005; Liu et al., 2007). The present data shows that 
udu can regulate Notch positively in the absence of p53. The knockdown of p53 in wild-
type embryos by MO can significantly increased the expression level of her4, as shown 
in Figure 6.2A and C compared to wild-type control shown in Figure 6.1C. WISH from 
published data showed that the udu transcript was detected as early as one-cell stage in 
wild type zebrafish embryos and its transcript continued to be expressed in 24 hpf 
embryos (Liu et al., 2007). However, the injection of p53-MO to homozygous udutu24 
embryos did not dramatically increase the level of her4 compared to her4 in wild-type 
embryos injected with p53-MO. This demonstrates that Udu is need to regulate Notch 
signaling pathway, even though p53 translation was inhibited by MO. In addition, the up-
regulation of her4 expression in mibta52b embryos, which were injected with p53-MO and 
overexpressed with udu mRNA further support that hypothesis that udu functions to 
activate the Notch signaling pathway only in the absence of p53. The p53 overexpression 
experiment in wild-type embryos showed that Notch is negatively regulated by the high 
level of p53. Taken together, these data implies that p53 is a critical factor that could 
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interfere with Udu and Notch interaction. Furthermore, with the well established role of 
the PAH-L and SANT-L domains of Udu as a chromatin remodeling molecule involved 
in gene regulation as proposed by Liu and co-workers, it is possible that Udu may also 
function as a transcriptional modulator of Notch or p53 signaling pathways. 
 
In conclusion, activated p53 interferes with activation of Notch downstream target genes. 
It has been shown that the ATM-Chk2 pathway was activated in udutu24 mutants. Upon 
phosphorylation of p53 through ATM, p53 interaction with Mdm2 is inhibited, resulting 
in p53 stabilization, as it prevented p53-Mdm2 association that targets p53 for proteolysis 
(Shieh et al., 1997). The precise molecular mechanism of how p53 could regulate Notch 
involving Udu is unknown. It is possible that p53 may compete with NICD for binding to 
the coactivator p300 (Kurooka and Honjo, 2000; Oswald et al., 2001; Vo and Goodman, 
2001; Lubman et al., 2004). In this instance, p53 may repress Notch downstream genes 
by forming complex with p300, thereby making them unavailable for transcription 
activation. Alternatively, p53 was also shown to down-regulate Notch1 activation by 
enhancing the transcription of p21, which represses the transcription of Presenilin1 
(Roperch et al., 1998), which is one of the component of γ-secretase required for S3 
proteolytic cleavage of Notch receptor. 
 
At this moment it is not clear how Udu protein may function during gene regulation and 
further investigation are needed to unlock the molecular mechanism of the relationship of 
Udu, Notch and p53 during zebrafish development. In light of the context-sensitive and 
flexible outputs of Notch signaling in various cellular contexts, the use of zebrafish 
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model, which has extensive similarities to human genome may offer constructive clue to 
how Udu interacts with Notch to activate or repress p53-dependent apoptosis during 
development. In conclusion, the identification of Udu as a positive regulator of Notch in 
the absence of p53 provides a new insight in the genetic link between them and also 
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Figure 6.1 her4 is down-regulated in udutu24 embryos. (A-D) Expression of her4 in developing 
zebrafish embryos. (B) Significant reduction of her4 in 10 s udutu24 embryos. Embryos shown in (A and B) 
were dissected and represented in dorsal view with anterior to the left. (D) The expression level of her4 
remained low in approximately 25 hfp udutu24 embryos. All embryos were in lateral view with anterior to 
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Figure 6.2 Elevated level of p53 could regulate Notch. (A-D) WISH of her4 in 25 hpf embryos. (B 
and D) her4 is up-regulated in udutu24 embryos injected with 1.77 pmol of p53-MO. (C and D) Dissection 
of (A and B) and shown in dorsal view with anterior to the left. In order to prevent any variation in the 
WISH experiment, WISH experiment were performed together with embryos in Figure 6.1C and D acting 
as non-injected control. (A and C) Embryos’ tails were cut and indicated by arrow, this helped to 
differentiate the embryos injected with p53-MO and the non-injected embryos. (E-G) Expression of her4 in 
approximately 30 hfp embryos injected with 27.9 ng of p53 mRNA. (E) wild-type embryos as control in the 
same batch of WISH. (F) wild-type embryos injected with p53 mRNA that looked wild-type-like. (G) wild-
type embryos injected with p53 mRNA, that were of retarded growth. (H) This demonstrated that Notch is 































Figure 6.3 Udu could regulate Notch. (A-B) WISH of her4. (A) 260 ng udu mRNA and 1.77 pmol 
of p53-MO were co-injected into mibta52b mutants. her4 level was up-regulated in those injected embryos 
compared to the low level of her4 transcript detected in non-injected mibta52b embryos. A similar 
microinjection experiment was carried out in mibta52b embryos, where only udu mRNA was not injected to 
the embryos. The expression level of her4 in those embryos injected with udu mRNA was similar to that of 
non-injected mibta52b embryos. (data not shown). (C) This demonstrated that Udu may functions to activate 
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Table 6.1 Indication of her4 expression level to summarize data presented in 
Figures 6.1, 6.2 and 6.3 
 
Genotype of 




wild-type 10 s  +++ Figure 6.1A 
udutu24 10 s  ++ Figure 6.1B 
wild-type 25 h  +++ Figure 6.1C 
udutu24 25 h  + Figure 6.1D 
wild-type 25 h 1.77 pmol p53-MO ++++ Figure 6.2A and C 
udutu24 25 h 1.77 pmol p53-MO ++ Figure 6.2 B and D 
wild-type 30 h 27.9 ng p53 mRNA  + Figure 6.2 F and G 
wild-type control 30 h  +++ Figure 6.2E 
mibta52b 30 h 1.77 pmol p53-MO + 260 ng udu mRNA ++++ 
Figure 6.3A 
mibta52b control 30 h  + Figure 6.3B 
wild-type 30 h 1.77 pmol p53-MO + 260 ng udu mRNA ++ 
wild-type control 30 h  ++ 




shown in Figure 
6.1C 
mibta52b 30 h 260 ng udu mRNA + 
Data not shown, 
similar to 
mibta52b shown in 
Figure 6.3B 
mibta52b control 30 h  + Figure 6.3B 
wild-type 30 h 260 ng udu mRNA ++ 
wild-type control 30 h  ++ 
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Figure 6.4 Differential levels of Notch acts to regulate the elevated level of p53 in udu deficient 
background during zebrafish development. (A-B) WISH for p53 transcript in (A) udutu24 embryos, (B) 
mibtfi91.udutu24 embryos and (C) mibta52b.udutu24 embryos at approximately 30 hfp. (D-E) TUNEL staining of 
zebrafish embryos at approximately 30 hpf. (D) The reduction of TUNEL-positive cells in mibta52b.udutu24 
mutants coincides with its down-regulated level of p53 transcript. udutu24 embryos injected with su(H)-MO, 
also showed a reduction of TUNEL-positive cells. (F) Model summaries the reciprocal relationship of 
Notch and p53. Data showed that differential level of Notch acts to regulate the elevated level of p53 and 








The udutu24 was isolated from the ENU screen as a mutant affecting morphogenesis 
during gastrulation and tail formation (Hammerschmidt et al., 1996), while udusq1 
mutants were isolated in 2007 by forward genetic screen as a mutant with defects in 
blood cell development (Liu et al., 2007). Previous studies have shown that Udu protein 
played a critical role in regulating primitive erythroid lineage cell cycle progression and 
differentiation in a p53-dependent manner in udusq1 mutants (Liu et al., 2007). Both 
udutu24 and udusq1 mutants displayed similar phenotypes and sequencing result revealed 
that mutation in udutu24 and udusq1 embryos is at exon 12 and exon 21 respectively, 
resulting in a premature stop codon (Liu et al., 2007). The earliest developmental defects 
that can be observed in udutu24 and udusq1 mutants are the somite phenotypes. Overall, 
morphological studies via WISH and immunohistochemical staining with F59 antibody 
showed that udu mutation does affect somite segment specification and the later derived 
structures such as the myotome boundaries and slow muscle pioneers fibers in udutu24 
mutants. Despite the somite defects, the segmentation clock which regulates 
somitogenesis was functioning normally in udutu24 mutants. FACS assay and PH-3 
immunohistochemical staining showed that udutu24 mutants have less mitotic cells and 
this reduction of mitotic cells could potentially reduce the noise for the segmentation 
clock. This observation is in consistent with the hypothesis proposed by Horikawa and 
co-workers, which states that the segmentation clock regulating somitogenesis functions 
normally in a low mitosis background (Horikawa et al., 2006). Taken together, my results 
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have demonstrated that udutu24 embryos’ apoptosis is p53-dependent and have established 
a major role of the activation of ATM-Chk2 signaling pathway in response to DNA 
damage. The injection of p53-specific MO and chk2-MO was able to rescued udutu24 
mutants’ apoptotic phenotype and their somite abnormalities. The activation of p53 in 
response to DNA damage and other cellular stresses, leads to activation of its 
downstream target genes encoding DNA repair enzymes and cell cycle inhibitor or 
induces cells to undergo apoptosis (Lane, 1992; Ljungman, 2000). Importantly, the 
activation of the ATM-Chk2 pathway prevents p53-Mdm2 association that targets p53 
for proteolysis and subsequently, results in p53 stabilization. This phosphorylation 
modification of p53 by ATM may explain why p53 transcript remained high despite the 
elevated level of mdm2 in udutu24 mutants. The consequences for the activation of p53 
pathway in udutu24 mutants resulted in cell cycle defects and apoptosis to eliminate 
damaged cells. The transcriptional up-regulation of p21WAF/CIP1 and down-regulation of 
cyclin D1, suggested that the cell cycle may be halted at G1 phase, which function to 
prevent cells from proceeding to the S phase. This was further confirmed by FACS 
analysis and BrdU incorporation, which showed a significant reduction of cells in the S 
phase and replicating cells respectively. The FACS analysis also showed that the G2 
checkpoint was activated in udutu24 mutants. Previously, it has been shown that p53 plays 
a critical role in the maintenance of G2 checkpoint and in the prevention of premature 
entrance into mitosis after DNA damage (Bunz et al., 1998). The reduced numbers of 
PH3-positive cells and elevated level of gadd45αl further supported the activation of G2 
checkpoint in udutu24 mutants, which function to prevent entrance into mitosis. In 
conclusion, the loss of udu function activates the ATM-Chk2-p53 pathway, which 
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subsequently activate the cell cycle checkpoints; triggering G1 to S phase arrest and G2 
checkpoint that prevent cells from proceeding into the M phase.  
 
Further investigation showed that loss of udu function causes aberrant DNA replication, 
which potentially activates ATM in response to DNA DSB. The comet assay indicated 
the presence of increased DNA damage in udutu24 mutants. The ability to form γ-H2AX 
foci following UV treatment in udutu24 mutants, shows that the DNA repair mechanism 
was unaffected. What could actually caused DNA damage in udutu24 mutants? Studies 
have shown that the PAH domain is a flexible domain that could function with numerous 
sequence specific transcription factors and regulate gene transcription, in maintaining 
genome integrity (Silverstein and Ekwall, 2005). This implies that Udu protein may form 
complexes with interacting partners via PAH-L repeats, together with SANT-L domain 
functioning as a chromatin remodeling complexes (Boyer et al., 2002; Boyer et al., 2004). 
Y2H screen was carried out to identify PAH-L and SANT-L domains interacting partners. 
With PAH-L and SANT-L domains together as bait, Mcm3 and Mcm4 were found to be 
interesting proteins identified from the Y2H screen. 
 
Genetic and biochemical studies have demonstrated the involvement of MCM proteins in 
the initiation and elongation of DNA replication (Labib et al., 2000; Pacek and Walter, 
2004; Shechter et al., 2004). The experimental data demonstrate that there were 
interactions between PAH-L and SANT-L domains of Udu with Mcm3 and Mcm4. 
Hence, in udutu24 mutants with truncated PAH-L and SANT-L domains, were not able to 
interact with Mcm proteins and this lead to increased DNA damage sensitivity, indicated 
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by the comet assay. The reduction of BrdU-positive cells in udutu24 mutants further 
supports the notion that progression though the S phase is disturbed. In addition, a 
dynamic relationship between PAH-L repeats, SANT-L domains and the replicating 
pericentromeric heterochromatin were established, which is known to serve functions 
from gene regulation to protecting chromosomes integrity. It has been known that at 
human chromosome 1q22, where GON4L (human counterpart of Udu) is located 
(Kuryshev et al., 2006), is amplified in several cancer types (Marchio et al., 1997; Wong 
et al., 1999; Cheng et al., 2004; Knuutila, 2004) as dosage imbalances of one or more 
genes in this locus may contribute to the cancer development. Hence, Udu must be tightly 
regulated to control gene expression.  
 
In conclusion, the results provided the evidence that PAH-L and SANT-L domains 
associate with Mcm proteins, suggesting that these domains may be necessary during 
replication, although the precise mechanism of action is unknown. The association of 
PAH-L and SANT-L domains with Mcm proteins may provide additional factors or 
activation steps on structural modification of Mcm proteins in the unwinding of DNA at 
replication origins. Taken together, these findings lead to the hypothesis of the possible 
role of Udu in maintaining or protecting the genome integrity, as the loss of udu function 
leads to an activation of the DNA damage response pathway, which potentially 
eliminates damaged cells via apoptosis. A schematic diagram in Figure 7.1 illustrates the 
pathways involved in the up-regulation of p53 and the role of Udu in regulating cellular 
processes such as replication, DNA repair and possibly the activation of the Notch 
signaling pathway. 
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Furthermore, evidence from my study has suggested that the udu play a role in regulating 
Notch activation in a p53-dependent manner. The present study has confirmed that the 
loss of udu resulted in the up-regulation of p53 through the activation of the ATM-Chk2 
pathway. Notch signaling has been shown to be an important regulator of midline cell 
fate specification (Appel et al., 1999; Latimer et al., 2002; Jülich et al., 2005; Latimer and 
Appel, 2006). col2a1 staining of the midline structures provided clue that the Notch 
signaling pathway may be impaired in udutu24 mutants. The low level of her4 in udutu24 
mutants confirmed that Notch activity is compromised in the udu deficient embryos. The 
p53-MO and p53 mRNA overexpression experiments in udutu24 and wild-type embryos 
respectively, indicated that elevated level of p53 in udutu24 mutants negatively regulated 
Notch. In addition, experimental results from mib and udu double mutants show that 
differential level of Notch can function to rescue the cell death phenotype that is 
mediated via the p53-dependent pathway in udu deficient embryos. A proposed model in 
Figure 7.2 illustrates the relationship of Udu, Notch and p53. Given the well established 
role of the PAH-L and SANT-L domain of Udu protein as a chromatin-remodeling 
molecule involved in gene regulation, it is possible that Udu may function as a 
transcriptional modulator of Notch or p53 signaling pathways. However, further studies 
are needed to decipher the exact mechanism of the relationship of Udu, p53 and Notch. 
Firstly, how Udu regulates Notch, how p53 in negatively regulate Notch activation, and 
lastly, how differential level of Notch in mibta52b and mibtfi91 mutants functions to regulate 
the elevated level of p53 and p53-dependent apoptosis via Su(H) in udu deficient 
background during zebrafish development. At this moment it is not clear how Udu 
protein may function during gene regulation, hence further studies on Udu are needed and 
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to identify their interacting partners. Notch signaling has been shown to be context-
sensitive and different cellular context can result in varying Notch’s outputs. In this case, 
the use of zebrafish model, which has extensive similarities to human genome, may shed 
insight to how Udu interacts with Notch to activate or repress p53-dependent apoptosis 
during development. In conclusion, the identification of Udu as a positive regulator of 


















































Figure 7.1 Working model for p53-apoptosis in udutu24 mutants. The DNA damage checkpoint is 
activated and this leads to p53 stabilization by ATM, thus prevented its degradation via Mdm2. The 
modification of p53 in response to DNA damage increased its ability to activate transcription of genes 
involved in regulating cell cycle and apoptosis, which help to prevent the accumulation of multiple 
mutations that may convert a normal cell to a cancer cell. As p53 is a cellular sensor, its elevated level 
could be due to other signaling pathways or the indirect effect of Udu on other signaling pathways. Our 
studies have provided a genetic link between the PAH-L and SANT-L domains of Udu and Mcm proteins. 
The loss of Udu function could potentially affects DNA replication and this may contribute to S phase 
dependent DNA damage, thereby activating the DNA damage checkpoint to prevent damaged cells from 



















Figure 7.2 A proposed model for Udu, Notch and p53 interaction. udu may function as a 
transcriptional modulator of Notch signaling pathway, by positively regulate Notch signaling pathway in 
the absence of p53. And the loss of udu function promotes apoptosis via the p53-dependent pathway, in 
preventing the passing on of damaged cells to the next generation. p53 plays its important role as a tumor 
suppressor in preventing cancer progression and inhibit Notch signaling. Data from mib and udu double 
mutants show that Notch can also act to regulate apoptosis that is mediated via the p53-dependent pathway, 
thereby inhibit p53, however only to a certain degree as elevated level of p53 in udu deficient embryos still 
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